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Abstract

:

Triclabendazole is an effective medication to treat fascioliasis and paragonimiasis parasitic infections. We implemented a reliable quantum mechanical method which is density functional theory at the level of ωB97XD/6-31G* along with embedded fragments to elucidate stability and phase transition between two forms of triclabendazole. We calculated crystal structure parameters, volumes, Gibbs free energies, and vibrational spectra of two polymorphic forms of triclabendazole under different pressures and temperatures. We confirmed form I was more stable than form II at atmospheric pressure and room temperature. From high-pressure Gibbs free energy computations, we found a pressure-induced phase transformation between form I (triclinic unit cell) and form II (monoclinic unit cell). The phase transition between forms I and II was found at a pressure and temperature of 5.5 GPa and ≈350 K, respectively. In addition, we also studied the high-pressure polymorphic behavior of two forms of triclabendazole. At the pressure of 5.5 GPa and temperature from ≈350 K to 500 K, form II was more stable than form I. However, at temperatures lower than ≈350 K, form I was more stable than form II. We also studied the effects of pressures on volumes and Raman spectra. To the best of our knowledge, no such research has been conducted to determine the presence of phase transformation between two forms of triclabendazole. This is a case study that can be applied to various polymorphic crystals to study their structures, stabilities, spectra, and phase transformations. This research can assist scientists, chemists, and pharmacologists in selecting the desired polymorph and better drug design.
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1. Introduction


Fascioliasis, known as liver fluke disease, is a water- and food-borne zoonotic disease caused by two parasite species of Fasciola: the Fasciola hepatica and Fasciola gigantica [1]; it affects a large number of animals, predominantly goats, sheep, and cattle [2]. Human fascioliasis is mainly caused by consuming wild aquatic which is categorized as a plant or food-borne parasitic infection [3]. According to the WHO, fascioliasis is a parasitic neglected tropical disease [4]. Over the past two decades, human fascioliasis obtained significance as an essential parasitic infection in humans [3]. The common occurrence of human fascioliasis is due to frequent intake of metacercaria encysted vegetables or through contaminated water, especially in Bolivia, Peru, Cuba, China, Iran, Vietnam, and Egypt [5]. Human fascioliasis has become a serious concern due to nearly 2.5 million people being infected all around the world, and approximately 180 million are at risk [2]. Moreover, estimations claim the rise of affected peoples from 2 million, up to 17 million peoples, or even higher, which depends on unknown situations in Asia and Africa [2]. Triclabendazole (TCBZ) is a benzimidazole anthelmintic that has a specific flukicidal effect in small and large domestic ruminants against mature and immature stages of Fasciola gigantica and Fasciola hepatica [6]. Over two decades, TCBZ has been used as the only drug of choice in treating liver fluke diseases in livestock and recently has been used successfully to treat humans affected by fascioliasis [7]. TCBZ has been used in many parts of the world after its approval in Egypt and France in 1997 and 2002, respectively [8]. More recently, the US Food and Drug Administration (FDA) approved TCBZ to treat human fascioliasis [9]. The synthesis of TCBZ was reported in a US patent, No. 4,197,307, with the melting point given as 175–176 °C (form I), however, polymorphic information was not provided [10]. Kuhnert-Brandsttter and Porsche reported two polymorphic phases of TCBZ, Mod. I and Mod. II, having melting points of 174–176 °C and 164–166 °C, respectively, obtained by melt-film preparations [11]. Tothadi et al. demonstrated polymorphic forms of TCBZ in detail, and also presented experimental observations of FT-IR for forms I and II [12]. Tothadi et al. described the unit cell of form I, consisting of tautomer A only in two dissimilar conformations, whereas form II was a mixture of tautomers A and B with a ratio equal to 1:1 [12]. Therefore, the polymorph of TCBZ is complex and unique in the sense that it allows the co-existence of conformational and tautomeric forms in the polymorphs. As they have different compositions, the crystal phases of TCBZ may possess different chemical and physical properties, which are currently considered a serious issue by the pharmaceutical industries and its regulatory bodies, as these dissimilarities may affect the critical aspects of the drug, such as solubility and bioavailability [13]. Therefore, to avoid such occurrences, it is essential to study and identify such physical conditions where phase transformation between two forms of TCBZ occurs. Moreover, it was discovered during a Food and Drug Administration (FDA) application in the United States for TCBZ as an investigational new drug that polymorphic forms could significantly affect the drug’s solubility [13]. Thus, it is essential to observe the behavior of each form under different environmental and physical conditions, especially at different temperatures and pressures. Previously, no such study has been conducted to determine the phase transition of TCBZ under high pressures.



Here, we utilized a computational method to find phase transitions between two forms of TCBZ. Ab initio computations were performed at different pressures to calculate Gibbs free energy in a temperature range from 0 K to 500 K, with a step size of 1 K [14]. The advanced machinery reported here enabled ab initio computations of Gibbs free energy of general pharmaceutical crystals at finite temperatures and pressures, which might help in finding phase transformation. We implemented density functional theory (DFT) at the level of the ωB97XD/6-31G* functional to optimize crystal structures [15]. Drug molecules are generally large in molecular size; the traditional ab initio computational method is not applicable to such large molecules. Hence, we utilized the quantum mechanical method with embedded fragmentation [16,17,18,19]. It is a method that divides the internal energy of a TCBZ crystal per unit cell into proper combinations of monomers and overlapping dimer energies that are embedded in the electrostatic field of the crystalline environment [20]. The embedded field, which is comprised of self-consistently determined atomic charges at the Hartree-Fock level, is an important method [21]. As the embedded fragment quantum mechanical method comprises one-body and two-body interactions, it can effectively treat large molecules/crystals, for example, pharmaceutical crystals [18]. Furthermore, quantum mechanics was used to compute the interaction energies between two fragments separated by a threshold distance, while charge-charge Coulomb interactions were used to compute the interaction energies between long-range interacting fragments [19].



The stabilities, volumes, Gibbs free energies, Raman, and IR spectra of two forms of TCBZ are studied under different pressures. The computation of the Gibbs free energy differences was successfully used to identify phase transformation among different forms of polymorphic crystals [15,21,22]. Our predicted results matched well with experimental results [12]. We utilized pressure ranges from 0 GPa to 11 GPa to identify stable polymorphs and phase transition between two forms of TCBZ. According to the calculation of the Gibbs free energy difference between two forms of TCBZ, we found phase transformation at a pressure and temperature of 5.5 GPa and ≈350 K, respectively. Moreover, we also calculated FT-IR spectra and compared them with experimental results. In the end, we presented Raman spectra under different pressures to study the effects of pressure on Raman spectra. This work can guide scientists to identify stable forms of polymorphic molecules and is also applicable to pharmaceutical and related subjects.




2. Methods


2.1. Structure Optimization and Energy Calculation


The crystal structure of TCBZ form I has only one tautomer, whereas form II has two tautomers [12]. Moreover, the supercell of TCBZ form II is very large since it contains 248 atoms and two different tautomers; our computational method can treat one tautomer at a time. To obtain results using the original structure of TCBZ form II, we need to treat both tautomers separately and then average the results of both tautomers. However, it would require double the amount of time and computational resources to complete this job. Furthermore, TCBZ form II reveals tautomerism because of facile hydrogen on the imidazole group [12]. These types of tautomers have slightly different energies [23]. Thus, considering only one tautomer would not significantly affect the results. Moreover, it would save time and computation costs. According to assumption, forms I and II of TCBZ contain tautomer A only, which can be seen in Figure 1a, Figures S1 and S2.



For crystal structure optimizations, we adopted a quasi-Newton algorithm [23]. Considering the molecular size of TCBZ and the number of molecules in the supercell, we employed the “embedded fragment method“ [24] with a DFT level of ωB97XD/6-31G* to calculate Gibbs free energy of TCBZ form I and form II. The Hessian matrix approximation was updated using the BFGS procedure [25] and the convergence criterion for the maximum gradient was set to 0.001 Hartree/Bohr. The embedded fragment method, as the name implies, is a process that breaks a large molecule into small fragments. As the embedded fragment method divides the total energy per unit cell of the crystal into an appropriate combination of the energies of monomers and dimers, it can therefore treat the macromolecules effectively [15]. The individual molecule is designated as a segment, and the interaction energies between two segments, in close contact with each other, are calculated by quantum mechanics. The interaction energy between the two distant segments is calculated according to Coulomb’s law of charge-charge interactions [14]. The DFT calculations, accounting for environmental influences, are embedded in an electrostatic field represented by the point charges of the remaining system. The internal energy (   T i   ) of a unit cell for the molecular crystal system is calculated by:


     T i  =   ∑  j   T  j  0      +   ∑       j , k , j < k        R  j k   ≤ λ          T  j  0  k  0    −  T  j  0    −  T  k  0           +  1 2    ∑   n = − S  S    1 −  δ  n 0       ∑       j , k        R  j k   ≤ λ          T  j  0  k  n    −  T  j  0    −  T  k  n           +  T  LR      



(1)




where the three-integer index of a unit cell is represented by a variable ‘n’. The quantum mechanical energy of the jth molecules in the nth unit cell is represented by    T  j  n     . The quantum mechanical energy of dimers is represented by    T  j  0  k  n     , where j and k represent an index of molecules with respect to the 0th central unit cell and nth unit cell [14,26,27]. The crystal system is represented by a   3 × 3 × 3   supercell. The 1st part of Equation (1) calculates all the single molecular energies in the 0th unit cell, which is in the center. The 2nd part represents the two-body quantum mechanical interaction that has a shorter distance than  λ  (where  λ  is a given cutoff distance which is set to 4 Å in this work). The 3rd part of Equation (1) provides the interactions between one molecule in the central unit cell and the other in the nth unit cell whose distance is shorter than  λ , where S = 1 is an index of the unit cell. Quantum mechanics is used to calculate short-range interactions (the first three parts in Equation (1)). It is calculated in the electrostatic field of the rest, where ωB97XD/6-31G* level is used to fit electrostatic potential variations. The background charges are represented by the   11 × 11 × 11   supercell [14]. The Coulomb’s charge-charge interactions are employed to approximately treat long-range interactions between two molecules of dimers whose distance is larger than   λ  . The long-range electrostatic interactions are represented by    T  LR     in a   41 × 41 × 41   supercell [14]. All quantum mechanical calculations were performed by the Gaussian09 program [28]. The enthalpy (   E  t h    ) for each unit cell can be calculated by considering the effect of external pressure as follows:


   E  t h   =  T i  + P V  



(2)




where the internal energy, external pressure, and unit cell volume are denoted by    T i   ,  P  and  V , respectively.


   U v  =  1 K    ∑  n    ∑   k    ω  n  k       1 2  +  1   e  β  ω  n  k      − 1      



(3)






   S v  =  1  β T K     ∑  n    ∑   k       β  ω  n  k       e  β  ω  n  k      − 1   −  l n    1 −  e  − β  ω  n  k           



(4)






   E  f r e e   =  E  t h   +  U v  − T  S v   



(5)







The    U v    is the internal energy of phonons, calculated using harmonic approximation which is given in Equation (3). The entropy (   S v   ) is given in Equation (4), where the frequency of phonon with lattice vector k is represented by    ω  n k    .   β = 1 /  k 0  T   and    k 0    is the Boltzmann constant. The capital K is the product of all k, which are evenly spaced grid points in the reciprocal unit cell. The k-grid of   21 × 21 × 21   has been used in this study, where   K = 9 , 261  . The calculation of Gibbs free energy (   E  f r e e    ) with effects of temperature and pressure in a unit cell is given by Equation (5). We employed DFT/ωB97XD/6-31G* to optimize crystal structure as well as to calculate enthalpy (   H  t h    ), the internal energy of phonons   (  U v   ), and entropy (   S v   ).




2.2. Computation of Raman Spectra


For a periodic molecular system, the dynamical matrix, D, in terms of the force constant matrix, H, is given below, which is explained in detail somewhere else [29].


  D    r p  ,  r q  , k   =  1     m p   m q        ∑   n = − R  R  H    r  p , 0   ,  r  q , n      e  − i k R  n     



(6)




where mp and mq represent masses of atoms p and q, respectively. The k denotes a Brillouin zone point that is known. At equilibrium geometry, the second order derivative of the total energy in a unit cell, that corresponds to atoms p and q in the 0th and the nth cells, is represented by H(rp,0, rq,n) in Equation (6). For quantum mechanical treatment, the number of nearby unit cells is truncated at R = 1, and the number of k-points in each dimension is set to 21. Solving the dynamic matrix   D    r p  ,  r q  , k     yields the vibrational frequencies and normal modes of the periodic molecular systems. The activation of Raman and IR spectra is calculated by zone-center (k = 0) vibrations with nonzero intensities. The vibrational frequencies are calculated using the force-constant matrix D(0). As a result, we can calculate the IR intensity (In0) and Raman intensity (Rn0) for the fundamental transition of the mode in the nth phonon branch with wave vector k = 0, as revealed by the derivatives given below:


   I  n 0   ∝   ∑  i  l , m , n         ∂  μ i    ∂  Q  n 0        2   



(7)






   R  n 0   ∝  3 2        ∑  i  l   b , m , n     ∂  α  i i     ∂  Q  n 0        2  +   21  2    ∑  i  l , m , n     ∑  j  l , m , n         ∂  α  i j     ∂  Q  n 0        2   



(8)




where Qn0 represents the corresponding normal mode. The embedded fragment and quantum mechanical method can be used to drive derivatives of the dipole moment   ∂  μ i  / ∂  Q  n 0     and the polarizability   ∂  α  i j   / ∂  Q  n 0     in the central unit cell.





3. Results and Discussion


The crystal structure parameters for TCBZ form I and form II were taken from the Cambridge Structural Database with CSD refcodes of CARSOF [12] and CARSUL [12], respectively. The TCBZ form I with the space group of P-1, has a triclinic unit cell and a volume of 1499.1 Å3. TCBZ form II with a space group of C 2/c has a monoclinic unit cell and a volume of 2872.2 Å3. The molecular structure of TCBZ is given in Figure 1a. TCBZ reveals tautomerism due to the facile hydrogen, which migrates on the imidazole moiety [13], as shown in Figure 1. In other words, imidazole group has two N atoms, one of which will have a double bond whereas another N atom will possess a single bond, and this double bond is rotating. Tothadi et al., studied the unit cell of TCBZ form I which comprised of tautomer A only in two unlike conformations, whereas form II was a mixture of tautomers A and B with a ratio equal to 1:1 [12]. However, in our computation, we assumed both forms (I and II) have only one tautomer, which is tautomer A. Figure 1b represents the crystal packing of two forms of TCBZ along the a-axis, b-axis, and c-axis. The detailed comparison of observed/experimental and calculated crystal structures at atmospheric and high pressure (5.5 GPa) are provided in the supporting information (SI); see Figures S1 and S2. In addition, we also compared the H–N bond length; the average H–N bond length of experimental [12] form I was ≈0.87 Å, however, from our computational results, the average H–N bond length of form I at atmospheric pressure was ≈1.03 Å. This difference in N–H bond length may be because of the difference between experimental and predicted crystal structures. Moreover, at a pressure of 5.5 GPa, the average bond length of H–N increased to ≈1.04 Å, which may be because of the lower density of form I [12]. For form II of TCBZ, the average H–N bond length from the experimental [12] crystal structure was obtained as ≈0.89 Å, however, from our computation, it was ≈1.011 Å. Moreover, at a pressure of 5.5 GPa, the average bond length of H–N remained the same, which may be because of the higher density of form II [12]. In addition, as we assumed both forms contain only one type of tautomer (tautomer A), therefore, our calculated structures also contain only one type of tautomer at both atmospheric and high pressures. Crystal structure diagrams for both forms at atmospheric and high pressures are given in Figures S1 and S2. The comparison of observed [12] and computed crystal structure parameters for both forms at atmospheric pressure was given in Table 1, where we kept angles fixed. Moreover, crystal structure parameters of both forms calculated under higher pressures are given in Table S1.



3.1. Pressure Dependence of Volume


We calculated crystal structure parameters of TCBZ form I and form II at variable pressures. The crystal structure parameters were optimized at a temperature of 0 K and the pressure was varied from 0 GPa to 11 GPa with a step size of about 2 GPa. In addition, we selected a smaller step size where we expected phase transformation. The most important property to observe for a crystal studied under pressure is the change in volume. Figure 2 shows the change in volume with respect to pressure for both forms of TCBZ. We can observe that as pressure increases, the volumes of both forms decrease almost similarly, as shown in Figure 2. Moreover, a comparison of crystal structure parameters and volumes of both forms calculated at atmospheric and higher pressures are given in Table S1.




3.2. Gibbs Free Energy Difference


From our results of the Gibbs free energy difference, we can observe pressure-induced phase transition between form I and form II of TCBZ. At 0 K and atmospheric pressure, the difference of Gibbs free energy between form I and form II is positive which means form II is less stable than form I. Moreover, the Gibbs free energy difference at these conditions is about 35 kJ/mol, which is not so high. We can achieve this gap of Gibbs free energy by means of increasing pressures. We found phase transformation at a pressure and temperature of 5.5 GPa and ≈350 K, respectively. From 0 Gpa up to 5 Gpa, form II is less stable than form I in the temperature range studied (0–500 K). However, at 6 GPa, form I becomes less stable than form II in the temperature range studied. Moreover, at an external pressure of 5.5 GPa, form II is less stable than form I at a temperature less than ≈350 K, however, at a temperature higher than ≈350 K, form I is less stable than form II (Figure 3). In addition, we also calculated Gibbs free energies at 7 GPa and 11 GPa, where form II is more stable than form I in the temperature range studied; see Figure S3. The computation of phase transformation at different temperatures and pressures enabled us to make a full phase diagram with temperature and pressure ranges from 0 to 500 K and 1 atm to 11 GPa, respectively. Moreover, TCBZ has two tautomers originally [12] but we considered only one tautomer for TCBZ form II. This assumption may affect our results slightly [30].




3.3. Vibrational Spectra


The vibrational spectra have been used to accurately identify phase transition and other structural changes [31]. Moreover, vibrational spectra can be used as a fingerprint to distinguish it from other crystals and polymorphs. Raman and IR spectra are calculated at a temperature of 0 K.



3.3.1. FT-IR Spectra


We predicted IR spectra and compared them with experimental [12] results. FT-IR spectra for forms I and II were calculated at atmospheric pressure and 0 K temperature, whereas observed spectra were performed at atmospheric pressure and room temperature. Figure 4a shows FT-IR spectra of TCBZ form I at wavenumbers from 1100 to 1650 cm−1, where purple and green colors represent experimental [12] and calculated results. We predicted FT-IR peaks with nos. 1–8 very well, however, agreement for peak nos. 2* and 3* are not as good; see Figure 4a. For FT-IR spectra of TCBZ form I at wavenumbers from 2600 to 3700 cm−1, where purple and green curves represent experimental [12] and calculated results, see Figure 4b. As we can see from Figure 4, observed [12] and calculated results match fairly well.



Figure 5a shows FT-IR spectra of TCBZ form II at wavenumbers from 1100 to 1650 cm−1, where purple and green curves represent experimental [12] and calculated results. We predicted FT-IR peaks with nos. 1–9 very well, however, our calculation could not resolve peaks nos. 6 and 6*, yielding only one peak no. 6. Figure 5b shows the FT-IR spectra of TCBZ form II at wavenumbers from 2600 to 3700 cm−1, where purple and green curves represent experimental [12] and calculated results. We predicted FT-IR peaks with no. 1–3 fairly well.




3.3.2. Raman Spectra Calculation


Calculated Raman spectra of TCBZ are given in Figure 6. As we were not able to find experimental Raman spectra for TCBZ forms I and II, here we provide a comparison of Raman spectra computed for the two forms at different pressures. At atmospheric pressure, form I with purple color curve and form II with blue color curve show five and three characteristic peaks, respectively. Raman spectra under the pressure of 5.5 GPa for forms I and II are presented with green and yellow colors, respectively. At 5.5 GPa pressure, form I showed a reduction in the number of peaks. At atmospheric pressure, form I showed five peaks and at 5.5 GPa, it showed three peaks only, with a broadened peak (labeled with “3”). As both forms showed changes in Raman spectra under high pressures, this means there is an effect of pressure on the crystal structures of both forms.






4. Conclusions


Polymorph control is highly desirable for all pharmaceutical industries that manufacture and/or use crystalline products. This will allow us to improve the functionality of the products. In this paper, we calculated pressure-dependent crystal structures, Gibbs free energies, and compared stabilities of two forms of TCBZ, based on the DFT and embedded fragment method. We found phase transformation between form I and form II of TCBZ at a pressure and temperature of 5.5 GPa and ≈350 K, respectively. In addition, we studied IR spectra and compared them with experimental results. Moreover, we also provided Raman spectra at atmospheric and high pressure (5.5 GPa). As two forms of TCBZ have different chemical and physical properties that can cause serious issues, this has been considered by the pharmaceutical industries and regulatory authorities. By knowing and avoiding such environmental conditions (i.e., temperatures and pressures) which may lead a form to transform to another form, one can avoid critical aspects of the drugs. Thus, these findings are playing very important roles in designing, manufacturing, packing, transporting, and storing the TCBZ drugs. This study can be applied to any other polymorphs to study their polymorphic behavior under different physical conditions.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cryst12020300/s1, Table S1. The calculated and experimental crystal structures of triclabendazole forms I and II at different pressures. Figure S1. Experimental (red) and calculated (green) crystal structures of TCBZ form I. (a) shows overlay of experimental and predicted crystal structures at atmospheric pressure. (b) shows overlay of experimental at atmospheric pressure and computed structure at 5.5 GPa. Figure S2. Experimental (red) and calculated (cyan) crystal structures of TCBZ form II. (a) shows overlay of experimental and predicted crystal structures at atmospheric pressure. (b) shows overlay of experimental at atmospheric pressure and computed structure at 5.5 GPa. Figure S3. Calculated Gibbs free energy differences between TCBZ forms I and II at different pressures with respect to temperatures from 0 K to 500 K.
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Figure 1. Crystal structures of a triclabendazole molecule. (a) Molecular structure of triclabendazole, where the cyan, gray, green, red, purple, and yellow-colored spheres represent H, C, Cl, O, N, and S atoms, respectively. (b) TCBZ crystal structures of forms I and II with molecular arrangements in the a-axis, b-axis, and c-axis, where molecules were colored by the operation of symmetry. 
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Figure 2. Pressure-dependent volume changes of TCBZ form I (blue curve) and form II (orange curve) at 0 K temperature. 
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Figure 3. Gibbs free energy differences as a function of temperature for forms I and II. The green, sky-blue, orange, yellow, and blue curves represent pressures of 0.0001 GPa (atmospheric pressure), 1 GPa, 5 GPa, 5.5 GPa, and 6 GPa, respectively. The phase transformation occurs at a pressure and temperature of 5.5 GPa and ≈350 K, respectively. 
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Figure 4. FT-IR spectra of triclabendazole form I at frequencies (a) from 1100 cm−1 to 1600 cm−1 and (b) from 2600 cm−1 to 3600 cm−1. The purple curve represents experimental (Exp.) results [12] which were conducted at atmospheric pressure and room temperature. The green curve represents calculated (Cal.) results, which were obtained at atmospheric pressure and a temperature of 0 K. 
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Figure 5. FT-IR spectra of triclabendazole form II at frequencies (a) from 1100 cm−1 to 1600 cm−1 and (b) from 2600 cm−1 to 3600 cm−1. The purple curve represents experimental (Exp.) results [12] which were conducted at atmospheric pressure and room temperature. The green curve represents calculated (Cal.) results, which were obtained at atmospheric pressure and a temperature of 0 K. 
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Figure 6. Calculated Raman spectra of triclabendazole form I and form II. The purple and blue curves show form I and form II at atmospheric pressure, whereas green and yellow curves show forms I and II at 5.5 GPa external pressure. 
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Table 1. Comparison between experimental and calculated crystal structure parameters of form I and form II of TCBZ.






Table 1. Comparison between experimental and calculated crystal structure parameters of form I and form II of TCBZ.





	Parameters
	Exp. Form I [12]
	DFT Form I
	Expt. Form II [12]
	DFT Form II





	a (Å)
	9.658
	9.632
	21.277
	21.282



	b (Å)
	10.183
	10.184
	8.896
	8.891



	c (Å)
	17.775
	17.694
	16.447
	16.725
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