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Abstract

:

Vibrational modes of pyrazinamide (PZA), 3-hydroxybenzoic acid (3-hBA), and their cocrystal were characterized using terahertz time-domain (THz-TDS) and Raman vibrational spectroscopic techniques. In experimental THz spectra, the cocrystal has characteristic absorption bands at around 0.81, 1.47, and 1.61 THz, respectively, meanwhile the raw materials are absolutely different in this region. Raman spectra also show similar results about differences between the cocrystal and corresponding starting parent materials. Density functional theory (DFT) was used to simulate both optimized structures and vibrational modes of the cocrystal formed between PZA and 3-hBA. The vibrational modes of such cocrystal are assigned through comparing the simulation DFT frequency results with experimental vibrational spectra. The calculation of the theoretical THz spectrum shows that the hydrogen bonding effect established between H11–N12–H13 and the carboxyl group -COOH makes contributions to the formation of absorption peaks in 0.49, 0.62, 0.83, and 1.61 THz, which agrees pretty well with experimental results. The theoretical Raman result also matches well with experimental observations. The results provide a fundamental benchmark for the study of pharmaceutical cocrystal formation and also inter-molecular hydrogen bonding interactions between active pharmaceutical ingredients and various cocrystal coformers based on Raman and terahertz vibrational spectroscopic techniques combined with theoretical simulations.
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1. Introduction


A lot of active pharmaceutical ingredients (APIs) have been eliminated from late-stage development as drug candidates because of their poor physicochemical properties, especially solubility, which poses a serious threat to clinical applications [1]. Compared to their parent APIs, pharmaceutical cocrystals formed from the combination between APIs and various cocrystal conformers (CCFs, being included on a Generally Recognized as Safe list or pharmaceutically acceptable coformers) show unique physicochemical properties with improved dissolution rate, solubility, hygroscopicity, mechanical property, and also photostability [2,3,4,5,6]. Cocrystallization has special potential in improving characteristics and therapeutic utilities of drugs without altering the chemical nature and bioactivity of specific APIs [7]. Such features make research about cocrystal formation and corresponding improvement of physicochemical properties to be considered as a promising alternative to several dissolution-assisting technologies involving amorphous solids, salt crystals, solvates, and polymorphs, which provide adequate bioavailability to oral formulations comprising low-solubility APIs. Therefore, characterization and detection of such cocrystal formations plays an essential role in the field of pharmaceutical research and development.



Pyrazinamide (PZA) is an important front-line medicine for treatment of tuberculosis (TB). As a typical anti-tubercular drug, PZA could be used in monotherapy as well as fixed dose combination (FDC) along with rifampicin and ethambutol, affording the most effective tuberculosis chemotherapy clinically recommended by the World Health Organization [8]. PZA owns multiple hydrogen-bonding sites, including a primary amide group and N-containing aromatic hetero-molecular (with the molecular structure shown in Figure 1, in which black arrows represent hydrogen bond donor positions and purple arrows indicate the possible positions of the hydrogen bond acceptor). PZA consists of a five-member N–H…N intramolecular hydrogen bond between the amide N–H and the adjacent N atom of the pyrazine ring. In tuberculosis diseases, tissue inflammation and free radical bursts from macrophages results in oxidative stress. Without anti-oxidants, free radicals would cause pulmonary inflammation [9,10,11]. The ability to resist the oxidation of APIs plays a critical role in the shelf-life of a pharmaceutical formulation. Hydroxybenzoic acids are typical well-known anti-oxidants, which can prevent the oxidation process [12]. Zaworotko et al. [13] reported that the primary amide functional group of PZA and 2,5-dihydroxybenzolic acid formed supramolecular hetero-synthon through the specific inter-molecular hydrogen bonding effect, and they found that corresponding pharmaceutical co-crystals could offer an opportunity to increase the number of forms of an API and also address its poor solubility. Abourahma et al. [14] employed differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), single crystal X-ray diffraction (SC-XRD), and nuclear magnetic resonance (NMR) to study cocrystal formation of PZA and hydroxybenzoic acid. Their results indicated that indeed all hydroxybenzoic acids are pretty suitable CCFs for PZA. Lou et al. [15] performed Hirshfeld surfaces and PXRD to analyze series cocrystal structures of PZA with 3-hydroxybenzoic acid (3-hBA), 4-hydroxybenzoic acid (4-hBA), and 3,4-dihydroxybenzolic acid (3,4-DHBA). Based on their experimental and theoretical analysis, they deduced that the strong O–H…O, N–H…O inter-molecular hydrogen bonding interactions between PZA and hydroxy-substituted benzoic acids made the structures of co-crystals stabilized. Although cocrystallizing with the two drugs, namely PZA and isoniazid, into a single crystal directly has so far not been successful, in Cherukuvada’s work [16] two 1:1:1 ternary cocrystals were reported between PZA and isoniazid along with the bridge help of two typical dicarboxylic acids, namely succinic acid and fumaric acid. The results indicated that such ternary cocrystals of PZA drugs exhibited optimized formulation capacity and also in vitro/vivo synergistic effects.



Various analytical techniques with specific advantages and disadvantages are used for solid-state material characterization [17]. However, investigations on the molecular structure of anti-tubercular of PZA with its various CCFs are rarely reported. Vibrational spectroscopy such as Raman and THz spectroscopy could provide rich information to understand the hydrogen bond effects on the molecular structures of specific materials. Raman spectroscopy is based on the inelastic scattering of photons by molecules and this analytic technique has been widely applied in analyzing, and also identifying, intra-molecular vibration and/or rotation information of molecular structures of various compounds [18]. Meanwhile, the emerging terahertz time-domain spectroscopy (THz-TDS) is pretty sensitive to the weak inter-molecular interactions, skeleton-vibration for materials, and also dipole transitions within low-frequency vibrational regions. What is more, THz spectroscopy has become a potential method to analyze pharmaceutical cocrystals both non-invasively and non-destructively as well as investigate the collective vibrations and the whole structural interactions shown within various materials [19,20]. Combining Raman with THz spectroscopy together, Du et al. [20] investigated molecular structures of the cocrystal formed between 5-fluorocytosine and fumaric acid, and also analyzed the hydrogen bonding effects during the forming of such a solid-state pharmaceutical cocrystallization process.



In this work, vibrational spectroscopy including THz absorption and Raman vibration spectra was used for the characterization of PZA, 3-hBA, physical mixture, and also their cocrystals. A quantum chemical density functional theory (DFT) calculation was used to optimize structures and simulate the vibrational frequencies of the cocrystal in order to help understand the Raman and THz spectroscopic observation and also structural changes, due to the inter-molecular interactions between PZA and 3-hBA by comparing with the experimental spectra results [21,22]. Combined vibrational spectroscopic results with DFT simulation calculations, rich information about molecular structures and inter-molecular hydrogen bonding interactions of the cocrystal formed between anti-tubercular drug PZA and 3-hBA, could be obtained successfully.




2. Results and Discussion


2.1. THz Absorption Spectral Characterization and Analysis of PZA, 3-hBA, Physical Mixture, and Their Cocrystals


Figure 2 shows THz spectra of PZA, 3-hBA, physical mixture, and corresponding co-crystals prepared from solvent slow evaporation and neat grinding methods. It could be seen that the physical mixture has three characteristic peaks at 0.52, 0.72, and 1.42 THz, meanwhile, both of the cocrystals have two characteristic peaks at 0.81 and 1.47 THz. The characteristic peaks at 0.52 and 0.72 THz shown in the spectra of the physical mixture have disappeared in the spectra of cocrystal. At the same time, the physical mixture has a strong peak at 1.42 THz and has moved to 1.47 THz in that of both cocrystals. It could be clearly seen that the absorption peaks of cocrystals are distinctively different from those of the physical mixture, namely the simple linear superposition of the starting materials PZA and 3-hBA. THz absorption spectra of cocrystals between PZA and 3-hBA prepared from solvent slow evaporation (solvent cocrystal) and the neat grinding method (grinding cocrystal) are shown in Figure 2d,e. It could also be seen from the figure that the absorption peaks of solvent and grinding cocrystals appear at almost the same positions with obvious characteristic peaks at 0.81 and 1.47 THz, which indicates that these two cocrystals prepared with different methods should have almost the same molecular structures, and no impurities were formed under different experimental conditions. These spectral results indicate that THz spectroscopic technology could provide obvious fingerprint information for various solid-state crystalline molecular structures. The apparent differences can be explained reasonably by some theoretical calculations, which are effective methods for bridging observed vibrational modes and corresponding molecular structures shown in different crystalline materials [23].



Comparison of the DFT theoretical simulation and experimental THz spectra of cocrystal between PZA and 3-hBA is shown in Figure 3. In the THz spectra, the molecular vibrational modes are mainly caused by deformation vibrations, bending vibrations, and twisting vibrations of those that participate by multiple functional groups being the components of specific materials. The positions of the peaks are different due to the various resonance responses of such vibrational modes presented in APIs and their corresponding cocrystals. In the diagram, there are four absorption peaks at the positions of 0.40, 0.76, 1.47, and 1.66 THz in the theoretical spectrum. It could be seen that the characteristic peaks at 0.81 and 1.47 THz in the experimental spectral result are in pretty good agreement with those at 0.80 and 1.53 THz in the simulated result. However, the absorption peaks of 0.40 THz in the theoretical spectra did not appear in the experimental spectrum, which may be the reasons that our calculation was based on the single-molecule structure and ignored inter-molecular forces within solid-state crystalline unit cells. Additionally, another possible reason is that the theoretical results were obtained under the condition of absolute 0 K while the experimental results are obtained under the room temperature condition (at around 298 K) [24,25].



Different vibrations make contributions to these peaks appearing at different positions. Through the dynamic observation help of Gaussian-view software, the vibrational modes description of assignments of the cocrystal between PZA and 3-hBA is shown in Figure 4, and the entire corresponding assignment could also be obtained, as shown in Table 1. The characteristic peak of the cocrystal between PZA and 3-hBA at 0.40 THz in the theoretical results is mainly due to 3-hBA and PZA molecular out of plane bending vibrations, as shown in Figure 4a. The experimental spectral feature at 0.76 THz arises from out of plane bending vibrations of R1 (the six ring in 3-hBA), R2 (the six ring in PZA), and H12–N11–H13 out of plane bending vibrations, as shown in Figure 4b. The experimental characteristic peak at 1.47 THz can be attributed to the calculated vibrational mode at 1.47 THz, arising from out of plane bending vibrations of PZA and 3-hBA molecular, as shown in Figure 4c. In addition, the characteristic peak of the cocrystal at 1.61 THz in experimental results is mainly due to 3-hBA and PZA molecular out of plane bending vibrations, as shown in Figure 4d.



According to the experimental and calculated results, the formation of hydrogen bonds causes some changes in the structure of PZA and 3-hBA involved in their cocrystals. Therefore, the THz absorption spectrum of cocrystal displays completely different characteristic peaks in the THz spectral region from those of the starting raw materials. The above combined analysis of experimental results and theoretical simulation show that the hydrogen bonding effect plays an important role in changing the molecular structure between PZA and 3-hBA upon its cocrystallization, and also indicates that these four characteristic absorption peaks shown in cocrystals arise from individual vibrational modes of such cocrystals due to strong inter-molecular interactions between PZA and 3-hBA.




2.2. Raman Spectral Characterization and Analysis of PZA, 3-hBA, Physical Mixture, and Their Cocrystals


Raman spectroscopy has become a crucial and mainstream measurement technique to provide specific structural fingerprint information by which different materials could be exclusively characterized at the micro-molecular level and also identified in various chemical processes [26]. Experimental Raman spectra of the two cocrystals between PZA and 3-hBA are shown in Figure 5d,e, and it can be easily seen that both solvent cocrystal and grinding cocrystal are almost the same as each other. It is confirmed that the crystalline phase of the cocrystal formed under the grinding condition is same as that of solvent cocrystal, which is also in agreement with the above reported THz spectral results. In contrast, Raman spectra of cocrystal formed between PZA and 3-hBA could be easily differentiated from that of the physical mixture and also the individual starting reactants, which can be seen in Figure 5. Several band shifts and new characteristic features were observed in the whole spectral 200~1800 cm−1 region. In the Raman spectrum of physical mixture, the characteristic peak at 618, 781, and 1383 cm−1 are almost disappearing in that of cocrystals. Regarding the Raman spectra of the cocrystals, the new characteristic bands have appeared at 1096 and 1268 cm−1, while the spectrum of the physical mixture or starting materials does not show any of them. The peak in the physical mixture at 1080 cm−1 has been red shifted to be at 1071 cm−1, while peaks at 1230 and 1297 cm−1 have been blue shifted to 1246 and 1300 cm−1, respectively, along with the formation of the cocrystal between PZA and 3-hBA. It could be primarily induced that the inter-molecular interaction, such as the strong hydrogen bonding effect, leads to the formation of these two cocrystals and changes the involved molecular structures of raw materials [3]. The obvious difference is the two strong peaks at 1577 cm−1 due to the contribution from PZA, and at 1612 cm−1 due to the contribution from 3-hBA in the spectrum of the physical mixture. However, these two strong peaks gradually move in the opposite direction and are finally assumed to be pretty broad peaks in the spectrum of cocrystal, which can be seen in Figure 5d,e. This evidence explains that the cocrystal between PZA and 3-hBA has been formed and the molecular conformation/configuration shown in the cocrystal is different from the raw materials.



Comparison of the theoretical DFT calculation and the experimental Raman spectral results is shown in Figure 6 and it can be seen that the theoretical simulated spectrum is in pretty good agreement with the experimental result. The characteristic vibrational bands of the cocrystal shown in Raman spectra are listed in detail in Table 2 with complete band assignments. The characteristic peak at 1433 cm−1 in the experimental result is caused by scissor vibrations of H29–O28–C27=O30 and in plane vibrations of C5–H8, belonging to 3-hBA, and scissor vibrations from H13–N11–C9, which belongs to PZA. Scissor vibrations from H30=C27–O28–H29, stretching vibrations of C26–H27, and in plane vibrations of C16–H21 and C17–H20, belong to 3-hBA, and in plane vibrations of N11–H13, C4–H7, and C5–H8, belonging to PZA, make contributions to forming the characteristic peak at 1478 cm−1. At 1693 cm−1, this characteristic peak is originated from stretching vibrations from C9=H10 and scissor vibrations of H12–N11–H13, belonging to PZA, and scissor vibrations from C27–O28–H29 and stretching vibrations of C27=O30, from 3-hBA. The vibrational modes assignment of the above four characteristic peaks suggest that the hydrogen bonding formation in C27=O30…H13–N11 and C9=O10…H29–O28 between PZA and 3-hBA plays a main role in its cocrystal formation.



The change of bond length is one of the most important factors which can help to understand the molecular structure changes upon pharmaceutical cocrystallization occurring. Figure 7 shows typical bond length changes of the cocrystal based on their DFT optimized structures. In addition, Table 3 shows the bond length change of intramolecular typical bonds and intermolecular hydrogen bonds in the PZA-3-hBA cocrystal form. Several bond lengths of PZA have been changed in cocrystal, and the formation of hydrogen bond length mainly occurred at the amino group in N11–H13 and the carbonyl group of C9=O10. Here, 3-hBA has a carboxylic group and the structure has changed in the cocrystal with the bond length of C–OH being shortened to be 1.431 Å from 1.323 Å, while the bond length of C=O and O–H has been elongated to be 1.258 and 1.000 Å from 1.225 and 0.963 Å, respectively. The bond length of N11–H13 has been extended from 0.998 Å to 1.022 Å, which has caused the Raman peaks’ movement and other changes. The C9–H10, C27=O30, O28–H29, and N11–H13 make important contributions to the vibrations of peaks in the positions of 1433, 1478, and 1386 cm−1, which are mainly attributed by the formation of hydrogen bonds through C7=O8 and N12–H11. Connecting the vibrational modes assignment and the changing of bond length, it could be more convenient to understand the reasons of the peaks’ appearance and disappearance shown in Raman experimental spectra.



According to the analysis of Raman and THz spectra, it shows that the formation of hydrogen bonds change the intra/inter-structure of molecules. Additionally, intra/inter-molecular vibration of PZA-3-hBA cocrystal could be achieved in detail by using the above two spectroscopic techniques. Compared with starting materials and the corresponding cocrystal, THz absorption spectra could more clearly reflect molecular configuration, which has been applied in security checks, pharmaceuticals, chemicals, biology, and so on.





3. Materials and Methods


3.1. Chemicals and Sample Preparation


The 3-hBA and PZA were purchased from Sigma-Aldrich (Shanghai, China) and used as received without further purification. All other chemicals were obtained from various commercial suppliers and used as received. The API (PZA) and CCF (3-hBA) samples were ground before mixing to achieve particles with the mean size of several micrometers in order to minimize the scattering effects from sample particles during THz spectral measurements.



The physical mixture was obtained by gently mixing two compounds with a 1:1 molar ratio in a vial using a vortex mixer for 10 min.



Grinding cocrystal was performed by co-grinding PZA with 3-hBA at 1:1 molar ratio in 25 mL stainless steel milling jars using a planetary ball mill (QM-3SP, gear type, Nanjing University Instrument Plant) with a frequency of 25 Hz at room temperature.



Solvent cocrystal was prepared by the slow solvent evaporation method. Equimolar PZA (0.123 g, 1 mmol) and 3-hBA (0.138 g, 1 mmol) were dissolved in an amount of methanol (20 mL). The solution was slowly evaporated at room temperature and the white snow-flake solvent cocrystal was obtained after several days.



All the samples were weighted into ~200 mg aliquots and poured into a steel die and subjected to ~4 MPa pressure for several minutes. The sample discs, ~13 mm in diameter and ~1.5 mm thick, were obtained and sealed in plastic bags before vibrational spectroscopic measurements.




3.2. Apparatus and Procedure


Raman spectra were obtained using a Fourier transform Raman spectrometer (Thermo Nicolet Corporation, Madison, WI, USA) with diode pumped solid-state laser (wavelength 1064 nm) as the near-infrared source. Spectra were acquired over 500 scans at 2 cm−1 resolution over the wavenumber range 150–3500 cm−1 with a laser operating power 150 mW. Total analysis time per sample was of the order of 6 min intervals.



A Z2 measurement system (Zomega Co. Ltd., New York, NY, USA) was adopted in THz-TDS. This standard THz-TDS setup based on photoconductive switches was used to characterize the THz transmission spectra of the materials. Terahertz radiation was generated and detected using photoconductive switches driven by 10 mW optical pulse train from a 780 nm, 100 fs, 75 MHz Ti: Sapphire oscillator ultrafast laser pulse system (Spectra Physics, Owen, CA, USA). The emitted terahertz radiation was collimated by a high-resistivity silicon lens and parabolic mirrors. The samples were measured at ambient temperature in a dry nitrogen atmosphere at 25 °C. The relative humidity of the sample cavity was always kept below 1% by purging high-purity nitrogen gas during spectral measurements, in order to reduce efficiently the effect of strong absorption of atmospheric water vapor. A total of three THz spectra representing three complete sets of sample and reference measurements were averaged for each final spectrum. The time-domain of the THz electric field was recorded for the reference (without sample holder) and each sample, and then after the fast Fourier transform (FFT), the THz spectral absorption was obtained by dividing the sample frequency response by that of the reference. The experimental setup and material parameter extraction have been described in detail in previous work [27].




3.3. Theoretical Calculations


Quantum chemistry DFT calculations were performed to simulate the structures of PZA, 3-hBA, and their cocrystal by the Gaussian 09 program [28]. The geometry optimization was carried out with the B3LYP method [29,30,31]. Reliability of the B3LYP functional in calculations of the ground state geometries has been widely assessed previously [32]. The vibrational frequencies of all the molecular systems were calculated based on the 6-311G (d, p) basis set and the calculated wavenumbers were scaled with a factor of 0.96 when using the B3LYP method [33]. As for the THz and Raman simulated spectra, lorentzian line shapes were convolved into the calculated modes using a full-width half-maximum (FWHM) value of 4.0 cm−1.





4. Conclusions


The cocrystal formation offers an opportunity to modify the key pharmaceutical properties of APIs, therefore it is reasonable to expect that pharmaceutical cocrystal will play an important role in the pharmaceutical industry. In this work, we have recorded the vibrational spectra of PZA, 3-hBA, and their cocrystal using Raman and THz spectroscopic techniques. Raman and THz spectroscopy are complementary to show the vibrational information of the structure of the cocrystal, which can distinguish different molecular conformations and/or configurations. The information reveals that the hydrogen bond formation was formed by the amino group from PZA and the carbonyl group from 3-hBA upon cocrystallization. These vibrational spectra were simulated by DFT calculations, which provided rich information about molecular structures and inter-molecular interactions of the cocrystal between PZA and 3-hBA. The result offers us the unique means and a benchmark to obtain and analyze the molecular structures of cocrystal compounds in pharmaceutical fields.







Author Contributions


Data curation, J.X. and Y.D.; Formal analysis, Q.W., J.X., and Y.D.; Funding acquisition, Y.D.; Investigation, Q.W., Z.H., and Y.D.; Methodology, Q.W. and Y.D.; Project administration, Y.D.; Supervision, Y.D.; Writing—original draft, Y.D.; Writing—review & editing, Y.D.




Funding


This research was funded by Natural Science Foundation of Zhejiang Province with grant number LY19B050003, and also Natural Science Foundation of China with grant number 61875159. And the APC was funded by both China Jiliang University and Natural Science Foundation of Zhejiang Province.




Acknowledgments


This work was supported by Natural Science Foundation of Zhejiang Province (Grant No. LY19B050003) and Natural Science Foundation of China (Grant No. 61875159).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kola, I.; Landis, J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev. Drug Discov. 2004, 3, 711–716. [Google Scholar] [CrossRef]

	



McNamara, D.P.; Childs, S.L.; Giordano, J.; Iarriccio, A.; Cassidy, J.; Shet, M.S.; Mannion, R.; O’donnell, E.; Park, A. Use of a glutaric acid cocrystal to improve oral bioavailability of a low solubility API. Pharm. Res. 2006, 23, 1888–1897. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Fang, H.X.; Zhang, Q.; Zhang, H.L.; Hong, Z. Spectroscopic investigation on cocrystal formation between adenine and fumaric acid based on infrared and Raman techniques. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2016, 153, 580–585. [Google Scholar] [CrossRef] [PubMed]

	



Cheney, M.L.; Shan, N.; Healey, E.R.; Hanna, M.; Wojtas, L.; Zaworotko, M.J.; Sava, V.; Song, S.; Sanchez-Ramos, J.R. Effects of crystal form on solubility and pharmacokinetics: A crystal engineering case study of lamotrigine. Cryst. Growth Des. 2010, 10, 394–405. [Google Scholar] [CrossRef]

	



Roy, S.; Quiñones, R.; Matzger, A.J. Structural and physicochemical aspects of dasatinib hydrate and anhydrate phases. Cryst. Growth Des. 2012, 12, 2122–2126. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, A.; Frøstrup, B.; Bond, A.D. Polymorphs of pridopidine hydrochloride. Cryst. Growth Des. 2012, 12, 2961–2968. [Google Scholar] [CrossRef]

	



Du, Y.; Zhang, H.; Xue, J.; Tang, W.; Fang, H.; Zhang, Q.; Li, Y.; Hong, Z. Vibrational spectroscopic study of polymorphism and polymorphic transformation of the anti-viral drug lamivudine. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015, 137, 1158–1163. [Google Scholar] [CrossRef]

	



Wang, J.R.; Ye, C.; Zhu, B.; Zhou, C.; Mei, X. Pharmaceutical cocrystals of the anti-tuberculosis drug pyrazinamide with dicarboxylic and tricarboxylic acids. CrystEngComm 2015, 17, 747–752. [Google Scholar] [CrossRef]

	



Kwiatkowska, S.; Piasecka, G.; Zieba, M.; Piotrowski, W.; Nowak, D. Increased serum concentrations of conjugated diens and malondialdehyde in patients with pulmonary tuberculosis. Respir. Med. 1999, 93, 272–276. [Google Scholar] [CrossRef]

	



Walubo, A.; Smith, P.J. Oxidative stress during antituberculous therapy in young and elderly patients. Biomed. Environ. Sci. 1995, 8, 106–113. [Google Scholar]

	



Strausz, J.; Müller-Quernheim, J.; Steppling, H.; Nagel, M.; Ferlinz, R. Oxygen radical production by alveolar macrophages in sarcoidosis in relation to activity status of bronchoalveolar lavage lymphocytes. Pneumologie 1990, 44 (Suppl. 1), 222–223. [Google Scholar] [PubMed]

	



Mashhadi, S.M.; Yunus, U.; Bhatti, M.H.; Tahir, M.N. Isoniazid cocrystals with anti-oxidant hydroxy benzoic acids. J. Mol. Struct. 2014, 1076, 446–452. [Google Scholar] [CrossRef]

	



McMahon, J.A.; Bis, J.A.; Vishweshwar, P.; Shattock, T.R.; McLaughlin, O.L.; Zaworotko, M.J. Crystal engineering of the composition of pharmaceutical phases. 3. Primary amide supramolecular heterosynthons and their role in the design of pharmaceutical co-crystals. Z. Für Krist. 2005, 220, 340–350. [Google Scholar] [CrossRef]

	



Abourahma, H.; Cocuzza, D.S.; Melendez, J.; Urban, J.M. Pyrazinamide cocrystals and the search for polymorphs. CrystEngcomm 2011, 13, 6442–6450. [Google Scholar] [CrossRef]

	



Lou, M.; Mao, S.H.; Luo, Y.H.; Zhao, P.; Sun, B.W. Synthesis, co-crystal structure and characterization of pyrazinamide with m-hydroxybenzoic acid, p-hydroxybenzoic acid and 3,4-dihydroxy benzoic acid. Res. Chem. Intermed. 2015, 41, 2939–2951. [Google Scholar] [CrossRef]

	



Cherukuvada, S.; Row TN, G. Comprehending the formation of eutectics and cocrystals in terms of design and their structural interrelationships. Cryst. Growth Des. 2014, 14, 4187–4198. [Google Scholar] [CrossRef]

	



Hennigan, M.C.; Ryder, A.G. Quantitative polymorph contaminant analysis in tablets using Raman and near infra-red spectroscopies. J. Pharm. Biomed. Anal. 2013, 72, 163–171. [Google Scholar] [CrossRef]

	



Cai, Q.; Xue, J.; Wang, Q.; Du, Y. Investigation into structure and dehydration dynamic of gallic acid monohydrate: A Raman spectroscopic study. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 201, 128–133. [Google Scholar] [CrossRef]

	



Shi, L.; Duan, X.H.; Zhu, L.G.; Liu, X.; Pei, C.H. Directly insight into the inter- and intramolecular interactions of CL-20/TNT energetic cocrystal through the theoretical simulations of THz spectroscopy. J. Phys. Chem. A 2016, 120, 1160–1167. [Google Scholar] [CrossRef]

	



Du, Y.; Cai, Q.; Xue, J.; Zhang, Q.; Qin, D. Structural investigation of the cocrystal formed between 5-fluorocytosine and fumaric acid based on vibrational spectroscopic technique. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2017, 178, 251–257. [Google Scholar] [CrossRef]

	



Cheballah, Y.; Ziane, A.; Bouarab, S.; Vega, A. Density functional study of the optical response of FeN and CoN nitrides with zinc-blend and rock-salt structures. J. Phys. Chem. Solids 2017, 100, 148–153. [Google Scholar] [CrossRef]

	



Chen, T.; Zhang, Q.; Li, Z.; Yin, X.; Hu, F. Experimental and theoretical investigations of tartaric acid isomers by terahertz spectroscopy and density functional theory. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 205, 312–319. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Xue, J.; Wang, Y.; Jin, S.; Zhang, Q.; Du, Y. Investigation into tautomeric polymorphism of 2-thiobarbituric acid using experimental vibrational spectroscopy combined with DFT theoretical simulation. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 204, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



Hakey, P.M.; Allis, D.G.; Hudson, M.R.; Ouellette, W.; Korter, T.M. Terahertz spectroscopic investigation of S-(+)-ketamine hydrochloride and vibrational assignment by density functional theory. J. Phys. Chem. A 2010, 114, 4364–4374. [Google Scholar] [CrossRef] [PubMed]

	



Hakey, P.M.; Allis, D.G.; Ouellette, W.; Korter, T.M. Cryogenic terahertz spectrum of (+)-methamphetamine hydrochloride and assignment using solid-state density functional theory. J. Phys. Chem. A 2009, 113, 5119–5127. [Google Scholar] [CrossRef]

	



Erxleben, A. Application of vibrational spectroscopy to study solid-state transformations of pharmaceuticals. Curr. Pharm. Des. 2016, 22, 4883–4911. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Hong, Z.; He, J.; Chen, Y. Precisely optical material parameter determination by time domain waveform rebuilding with THz time-domain spectroscopy. Opt. Commun. 2010, 283, 4701–4706. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Montgomery, J.A.; Vreven, T.; Kudin, K.N.; Burant, J.C.; et al. Gaussian 03, Revision E.01; Gaussian, Inc.: Wallingford, CT, USA, 2004. [Google Scholar]

	



Komjáti, B.; Urai, Á.; Hosztafi, S.; Kökösi, J.; Kováts, B.; Nagy, J.; Horváth, P. Systematic study on the TD-DFT calculated electronic circular dichroism spectra of chiral aromatic nitro compounds: A comparison of B3LYP and CAM-B3LYP. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2016, 155, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Rohani, S. Polymorphism and crystallization of active pharmaceutical ingredients (APIs). Curr. Med. Chem. 2009, 16, 884–905. [Google Scholar] [CrossRef] [PubMed]

	



Radhakrishnan, R.; Reed, C.; Oyama, S.T. Variability in the structure of supported MoO3 catalysts: Studies using Raman and X-ray absorption spectroscopy with ab initio calculations. J. Phys. Chem. B 2001, 105, 8519–8530. [Google Scholar] [CrossRef]

	



Wong, M.W. Vibrational frequency prediction using density functional theory. Chem. Phys. Lett. 1996, 256, 391–399. [Google Scholar] [CrossRef]

	



Chempath, S.; Yihua Zhang, A.; Bell, A.T. DFT studies of the structure and vibrational spectra of isolated molybdena species supported on silica. J. Phys. Chem. C 2007, 111, 1291–1298. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the compounds (pyrazinamide, PZA; 3-hydroxybenzoic acid, 3-hBA) are available from the authors.










[image: Molecules 24 00488 g001 550]





Figure 1. Molecular structure of pyrazinamide (PZA) (black arrows represent hydrogen bond donor positions and purple arrows indicate the possible positions of the hydrogen bond acceptor). 
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Figure 2. THz spectra of PZA (a); 3-hydroxybenzoic acid (3-hBA) (b); physical mixture (c); solvent cocrystal (d); and grinding cocrystal (e). 
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Figure 3. Comparison of THz spectra between simulated (a) and experimental (b) results of PZA and 3-hBA. 
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Figure 4. Vibrational modes description of cocrystal between PZA and 3-hBA at 0.40 (a); 0.76 (b); 1.47 (c); and 1.66 (d) THz. 
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Figure 5. Raman spectra of PZA (a); 3-hBA (b); physical mixture (c); their solvent cocrystal (d); and grinding cocrystal (e). 
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Figure 6. Comparison of Raman spectra between simulated (a) and experimental (b) results of the cocrystal between PZA and 3-hBA. 
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Figure 7. Typical bond lengths of the cocrystal between PZA and 3-hBA (bond length shown with unit Å). 
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Table 1. Vibrational modes assignment of cocrystal between PZA and 3-hBA.
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	Mode
	Experim