
HAL Id: hal-02161801
https://hal.sorbonne-universite.fr/hal-02161801v1

Submitted on 21 Jun 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

X-ray Diffraction and Theoretical
Calculation–Supported Formation of Polymorphic

Cocrystals Discovered Through Thermal Methods: A
Case Study

Zhengzheng Zhou, Monica Calatayud, Julia Contreras-García, Liang Li,
Henry H y Tong, Ying Zheng

To cite this version:
Zhengzheng Zhou, Monica Calatayud, Julia Contreras-García, Liang Li, Henry H y Tong, et al..
X-ray Diffraction and Theoretical Calculation–Supported Formation of Polymorphic Cocrystals Dis-
covered Through Thermal Methods: A Case Study. Journal of Pharmaceutical Sciences, In press,
�10.1016/j.xphs.2019.05.019�. �hal-02161801�

https://hal.sorbonne-universite.fr/hal-02161801v1
https://hal.archives-ouvertes.fr


Accepted Manuscript

X-ray Diffraction and Theoretical Calculation-Supported Formation of Polymorphic
Cocrystals Discovered through Thermal Methods: A Case Study

Zhengzheng Zhou, Mónica Calatayud, Julia Contreras-García, Liang Li, Henry H.Y.
Tong, Ying Zheng

PII: S0022-3549(19)30321-1

DOI: https://doi.org/10.1016/j.xphs.2019.05.019

Reference: XPHS 1600

To appear in: Journal of Pharmaceutical Sciences

Received Date: 16 February 2019

Revised Date: 24 April 2019

Accepted Date: 14 May 2019

Please cite this article as: Zhou Z, Calatayud M, Contreras-García J, Li L, Tong HHY, Zheng Y, X-ray
Diffraction and Theoretical Calculation-Supported Formation of Polymorphic Cocrystals Discovered
through Thermal Methods: A Case Study, Journal of Pharmaceutical Sciences (2019), doi: https://
doi.org/10.1016/j.xphs.2019.05.019.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.xphs.2019.05.019
https://doi.org/10.1016/j.xphs.2019.05.019
https://doi.org/10.1016/j.xphs.2019.05.019


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  

X-ray Diffraction and Theoretical Calculation-Supported 

Formation of Polymorphic Cocrystals Discovered through 

Thermal Methods: A Case Study  

Zhengzheng Zhou,a Mónica Calatayud,* b Julia Contreras-García,b Liang Li,c 

Henry H. Y., Tong,d Ying Zheng,*e 

a Department of Hygiene Inspection & Quarantine Science, Guangdong Provincial Key 

Laboratory of Tropical Disease Research, School of Public Health, Southern Medical University, 

Guangzhou, Guangdong 510515, China 
b Sorbonne Universités, Laboratoire de Chimie Théorique, UPMC Univ Paris 06, CNRS, CC 

137-4, place Jussieu F., 75252 Paris Cedex 05, France 
c Department of Forensic Toxicological Analysis, Zhongshan School of Medicine, Sun Yat-Sen 

University, Guangzhou, 510080, China 
d School of Health Sciences, Macao Polytechnic Institute, Macao SAR, China 
e State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical 

Sciences, University of Macau, Macao SAR, China 

 
*To whom correspondence should be addressed: 

Ying Zheng, Ph.D.  

E-mail: yzheng@umac.mo 

Monica Calatayud, Ph. D. 

E-mail: calatayu@lct.jussieu.fr 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  

ABSTRACT 

Polymorphism commonly exists in the preparation of cocrystals and has attracted widespread 

attention from both the pharmaceutical industry and academia. However, few studies have 

examined how to discover polymorphic cocrystals and their potential formation mechanism. In 

this study, we report the novel discovery of salicylic acid: 3-nitrobenzamide (SA-3NBZ) 

polymorphic cocrystals by thermal methods. The formation mechanism is elucidated based on 

theoretical calculations. SA-3NBZ polymorphic cocrystals with molar ratio of 1:1 and 2:2 were 

discovered using the combination of differential scanning calorimetry (DSC) and hot stage 

microscopy (HSM). Single crystal X-ray diffraction analysis confirmed this discovery. Density 

functional theory (DFT) calculations corrected with dispersion were conducted to illustrate the 

energetic stabilization of SA polymorphic cocrystals. Compared with the starting materials, 

formation of the cocrystals at 1:1 and 2:2 present a weak stabilization with overall energy 

reduction of -0.01 and -0.05 eV/molecule, respectively. The calculated non-covalent 

interactions index (NCI) further suggests that intralayer hydrogen bonds and van der Waals 

forces contribute to these weak interactions. The DFT calculations are in good agreement with 

the X-ray diffraction data. Hence, thermal analysis is a simple and reliable method to discover 

polymorphic cocrystals.  
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INTRODUCTION 

Cocrystals are crystalline single-phase materials composed of two or more different 

molecules with certain stoichiometric ratios based on non-covalent/ionic interactions 

under ambient conditions.1,2 Cocrystallization is increasingly attractive to pharmaceutical 

scientists because it allows for the design of new solid-states to regulate the 

physicochemical properties of active pharmaceutical ingredients (APIs), eventually 

leading to the discovery of promising drug candidates.3-5 Polymorphic or stoichiometric 

cocrystals may appear between the same API and cocrystal former (CCF).6, 7 

Polymorphic/stoichiometric cocrystal discovery is a rapidly growing and interesting 

aspect of crystal growth because physiochemical properties change, including solubility,8, 

9 dissolution,10 permeability/ diffusion11 and even stability12, 13 corresponding to each 

cocrystal. Since cocrystals with polymorphic or stoichiometric diversity are a significant 

point in the development of pharmaceutical formulations, how to approach this in 

cocrystal formation remains an unanswered question. So far, several methods have been 

developed to observe these particular cocrystals. Process analytical technologies (PAT)-

based design of agrochemical cocrystal was established to observe this phenomenon.14 

Grinding conditions and starting materials are potential significant points in the formation 

of cocrystals with polymorphic or stiochiometric diversity.15-17 However, few studies 

have been performed to discover polymorphic cocrystals using thermal methods. Heat-

induced cocrystallization has attracted increasing attention because it is an alternative 

green and reliable method that does not utilize organic solvents in comparison to other 

methods. 

In our previous study, a reliable and simple thermal method consisting of differential 

scanning calorimetry (DSC) and hot stage microscopy (HSM) was developed to discover 

stoichiometric cocrystal systems.18 The thermal behavior of API and CCF physical 

mixtures can be used to determine whether it is capable of cocrystal formation. 

Stoichiometric cocrystal formation presents unique thermodynamic action, showing three 

endotherms and two exotherms. When a physical mixture of API and CCF is heated using 

DSC, two exothermic peaks should be detected. Exothermic behavior on the DSC profile 

corresponds a new phase generation.19-21 The Kofler mixed fusion method conducted by 

HSM can be used to confirm the DSC results.22 The new cocrystal can be determined 
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when a new phase strip zone is generated. It should be noted that a polymorphic cocrystal 

is a special form that differs from a stoichiometric cocrystal. 

In the present study, we aimed to discover new polymorphic cocrystals by thermal 

methods and elucidate the structural stability and mechanism using theoretical 

calculations. Salicylic acid (SA), an interesting phenolic compound, was selected as 

model drug. It is used as a topically keratolytic agent, and so far, there are over thirty 

cocrystals and various types of salts that have been reported.23 The crystal nucleation 

study of SA has demonstrated that nucleation properties change in different solvents.24 

SA exists predominately as dimers in chloroform with no clear evidence of dimerization 

in other investigated solvents. The combination thermal methods of DSC and HSM were 

used to discover potential SA polymorphic cocrystals. Two new polymorphic cocrystals 

(1:1, 2:2) between SA and 3-nitrobenzamide (3NBZ) were obtained and identified using X-

ray diffraction. The total energy for the starting materials and two new cocrystals were 

calculated. Intralayer hydrogen bonds and van der Waals forces hold up the weak 

interactions of cocrystals through non-covalent interactions index (NCI) analysis. All 

theoretical calculations are in good agreement with experimental data. 

MATERIALS AND METHODS 

Materials 

SA and 3NBZ (HPLC purity > 98.0%) were purchased from J & K Chemical, Ltd. (Beijing, 

China) and Sigma Aldrich (Missouri, USA) respectively. Organic solvents were purchased from 

Guangzhou Chemical Factory (Guangzhou, China). All chemicals were of analytical grade and 

used without further purification. Distilled water was obtained from a Millipore ultra-pure water 

system in our lab (Bedford, USA). The molecular structures are presented in Scheme. 1.  

Polymorphic Cocrystal Preparation 

SA-3NBZ (1:1): Cocrystallization can be conducted by two methods: liquid assisted grinding 

(LAG) and the slow evaporation solution method (SESM). LAG: A mixture of SA (15.8 mg) 

and 3NBZ (16.6 mg) with a 1:1 molar ratio were weighed, mixed with drops of ethanol, then the 

mixture was ground for 30 s in an agate mortar. The solids were collected and dried at 40 °C for 

one hour. SESM: A mixture of SA (15.8 mg) and 3NBZ (16.6 mg) were dissolved in an ethanol 

solution, heating to 50 °C for 30 min. Then, the solution was filtered by a 0.45 µm filtrate 
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membrane in a vial. The vial was sealed with parafilm with several holes. The single crystals 

were obtained after three days.  

SA-3NBZ (2:2): The cocrystal was obtained by the SESM method. A mixture of SA (15.8 mg) 

and 3NBZ (16.6 mg) were dissolved in a mixed ethanol: chloroform solution (1:1, v/v) and 

heated to 50 °C for 30 min. The solution was filtered with a 0.45 µm filtrate membrane and 

transferred into another vial. The vial was sealed, poking several holes on the surface. The 

crystals and solids were harvested after three days.  

Solid State Characterization 

DSC analyses were performed on a Shimadzu DSC-60A instrument (Tokyo, Japan). The scans 

over the range of 50 °C to 200 °C were performed with the heating rates of 2, 5, 10, and 20 

°C.min-1. All DSC analytes were run under a continuous nitrogen atmosphere with a stable flow 

rate (35 mL.min-1).  

Modulated temperature DSC (MTDSC) analyses were performed at a step scan criteria within 

0.01 °C on a PerkinElmer DSC 8000 instrument (Waltham, USA). The temperature program was 

set as follows: first, holding for 1.0 min at 75 °C, then stepping scan with a heating rate of 5 

°C.min-1, going to the next isothermal repetition (1 min) if the subtracted heat flow equilibrates 

within +/- 0.0100, finally holding for 2.0 min at 155 °C. Both DSC instruments were calibrated 

with indium certified reference material (222-10950-91, purity 99.999%, Japan). 

An Olympus BX53 polarizing microscope (Tokyo, Japan) coupled with a Linkam THMS600 

hot stage (London, UK) was used to perform HSM experiments. The detailed procedure was set 

as follows: first, the higher melting temperature component was heated to melt and then solidify 

on the glass slide; second, another lower melting temperature component was heated to melt, 

placing it in touch with the previous material then cooling to room temperature.  

Single crystal X-ray diffraction data were obtained with an Agilent Technologies Gemini A 

Ultra system using graphite monochromated Cu Kα radiation (λ= 1.5418 Å). All structures were 

solved by the Olex 2 program and refined by the full-matrix least-squares method on F2 using 

SHELXS 97.25, 26  

Powder X-ray diffraction (PXRD) patterns were collected using a Philips PW1830 X-ray 

powder diffraction system (Almelo, Netherlands). The 2θ range was set from 5.0º to 40.0º with a 

0.05º step size on Cu Kα (λ= 1.5418 Å) mode. 
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Theoretical Calculations 

Based on the experimental synthesis of the cocrystals formed between SA and 3NBZ, a 

computational study was conducted to characterize the stability of the mixed materials. Three 

steps were performed: (1) a geometric energetic study, in which the structures were optimized 

and compared to the experimental crystallographic data; (2) an energetic study to assess the 

stability of the cocrystals; and (3) bonding analysis in which the intermolecular interactions were 

analyzed based on the noncovalent index. Periodic density functional theory (DFT) calculations 

were performed using the VASP code 5.4.1 with the PBE function.27-31 Dispersion interactions 

are included by the Grimme D3 approach32 as implemented in the code. Valence electrons are 

explicitly treated with the basis set of 520 eV, and core electrons are replaced by plane 

augmented wave pseudopotentials.33, 34 The Brillouin zone is sampled with k-points at the 

spacing of 0.02 Å-1. The threshold for an electronic iteration is 0.1 meV and is 1 meV for an 

ionic iteration. Geometry optimization was performed with the conjugate-gradient algorithm 

with all atoms and unit cell shapes and dimensions allowed to relax. The initial geometry was 

taken from the following references: SA monoclinic,34, 35 3NBZ monoclinic,36 1:1 and 2:2 

cocrystals  (from this work). The interaction energy Eint is calculated as the difference between 

the energies of the cocrystals (composition of N (SA): N (3NBZ) and the pure crystals and is 

given per molecule (eq 1), 

int 3( [ 3 ] ) /crystal N N SApure NBZpureE E SA NBZ NE NE N= − −                                                                     eq (1); 

No zero-point energy correction is considered at this time. The analysis of the noncovalent 

interactions was performed by means of the NCI. On the basis of electron density and its 

derivatives (eq 2), the index maps the noncovalent interactions through a reduced gradient (s (ρ)). 

                                                                                                                             eq (2); 

NCI isosurfaces enable visualization of the molecular interactions in the same system. 

Attractive and repulsive contributions could be separated based on the second eigenvalue (λ2) 

sign of the electron-density, Hessian matrix at each point: usually repulsion appears at positive 

values of λ2, hydrogen bonds appear at negative values, and dispersion appears at values close to 

zero. All interactions could be distinguished to color the isosurfaces based on these principles 
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(sign (λ2) ρ). The color code was defined as follows: the covalent bonds and highly attractive 

weak interactions (such as hydrogen bonds) are in blue, extremely weak interactions (such as 

very weak H-H interactions and van der Waals interactions) are in green, and repulsive 

interactions (e.g., steric repulsions) are in red. 

RESULTS 

Polymorphic Cocrystal Discovery by Thermal Methods 

Thermal methods consisting of DSC and HSM are reliable and simple for stoichiometric 

cocrystal discovery. The thermal behavior of cocrystals with stoichiometric diversity 

presents significant characteristics. Figure 1 (left) presents the DSC profiles of SA-3NBZ 

physical mixtures (1:1, molar ratio) with different heating rates varying from 2 °C.min-1 

to 20 °C.min-1. Apart from the endotherms and exotherms observed in all profiles, the 

lower heating rate (2 °C.min-1) displays better thermal resolution, which could manifest 

slight variations. Interestingly, the thermal behavior at 2 °C.min-1 corresponds to the 

cocrystals with stoichiometric diversity. The results demonstrate three endotherms at 

Tonset = 109.1, 115.2 °C and 86.1 °C, as well as two exotherms. The thermal analysis 

results indicate that the SA-3NBZ system may form stoichiometric cocrystals. Reversing 

and nonreversing MTDSC are conducted to investigate the complex phase transition.37, 38 

Figure 1 (right) presents the MTDSC results. The reversing heat flow curve demonstrates 

the heat capacity-related stable crystalline phase, while the nonreversing heat flow curve 

shows the meta-stable thermodynamic crystalline phase. Observing several endotherms 

and exotherms in reversing mode can clearly indicate the new phase generation 

experiences that complicate the recrystallization process. In the nonreversing mode curve, 

two separate endotherms can be observed clearly that differs from the reversing mode 

curve. The MTDSC results confirm the potential stoichiometric cocrystal formation.  

Then, HSM observations were performed to confirm the DSC results. The mixing zone 

of SA and 3NBZ present the new cocrystal phase at 113 °C, followed by a strip forming 

at 117 °C, which finally disappears at 118 °C (Fig. 2.). The endothermic temperatures of 

the new phase and the strip formation slide in comparison with DSC results due to the 

heating conduction time delays. Only one strip can be observed, even though the heating 

rate is set as 1 °C.min-1. This indicates that a new cocrystal was generated in the SA-

3NBZ system. However, there is no stoichiometric diversity zone in the HSM profiles. 
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This is inconsistent with the DSC results. It is speculated that cocrystals with special 

forms may be generated, especially unstable or meta-stable polymorphic cocrystal. Two 

heating cycles under HSM result in the potential rapid transformation to the most stable 

solid form. 

Figure 3 presents the DSC profiles of cocrystals obtained with a heating rate at 10 °C.min-1. 

The SA-3NBZ (1:1) cocrystal presents one sharp endotherm with an onset temperature of 

114.5 °C. The SA-3NBZ (2:2) cocrystal presents two endotherms (110.3 °C, 115.6 °C) in the 

DSC profile. It is speculated that the melting point of the SA-3NBZ (2:2) cocrystal is 110.3 °C, 

while the mixed (1:1) cocrystal exhibits its endotherm at 115.6 °C. The onset temperatures of 

both 1:1 and 2:2 cocrystals shift approximately 1 °C because the peak integration location 

changed. However, the chemical pure SA-3NBZ (2:2) cocrystal cannot be obtained using many 

methods despite the boosted dimer nucleation in chloroform. 

X-ray Diffraction Characterization 

Table 1 presents all the crystallographic data. SA-3NBZ (1:1) belongs to the monoclinic P21 

space group with a = 6.335 Å, b = 30.573 Å, c = 7.404 Å, β = 106.004°, V = 1378.54 Å3. The SA 

molecule links to the 3NBZ molecule through N2-H··O2 and O3-H··O4 intermolecular hydrogen 

bonds to form a ring; it also forms another ring through the O1-H··O2 intramolecular hydrogen 

bond, leading to a 1D wave strip (Fig. 4a). The adjacent 1D chains are further connected via N2-

H··O1 hydrogen bonds to generate a 2D sheet (Fig. 4b). A 3D structure is formed by the adjacent 

2D sheets based on van der Waals forces (> 5 Å, Fig. 4c). SA-3NBZ (2:2) crystallizes in a 

monoclinic Ia structure with unit cell dimensions of a = 21.784 Å, b = 5.172 Å, c = 25.340 Å, β 

= 104.792°, V = 2760.3 Å3. Each SA molecule is linked to a 3NBZ molecule through two types: 

the first joint type is through N4-H··O5, N2-H··O4, N2-H··O2 intermolecular hydrogen bond and 

O4-H··O5, O1-H··O2 intramolecular hydrogen bond to form a 2D sheet; the second joint type is 

through N4-H··O1, N2-H··O2, N2-H··O4 intermolecular hydrogen bond and O4-H··O5, O1-H··O2 

intramolecular hydrogen bond to form another 2D structural unit (Fig. 5a) . A cross structure is 

formed owing to the two 2D sheets by van der Waals forces (Fig. 5b). The cross molecular 

arrangement in the crystal lattice is consistent with SA.24 SA molecules are held together via van 

der Waals forces (plane distances > 5 Å).  

Figure 6 presents the experimental and calculated PXRD patterns for SA-3NBZ cocrystals. 

The experimental PXRD pattern of the SA-3NBZ (1:1) cocrystal presents high similarity and 
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phase purity in comparison with the theoretical results. Characteristic peaks for the SA-3NBZ 

(1:1) cocrystal at 2θ: 5.7°, 15.0°, 17.1°, 18.5°, 18.9°, 26.2° and 27.4° can be observed on the 

PXRD patterns. However, the experimental PXRD pattern for the SA-3NBZ (2:2) cocrystal 

presents low phase purity. The characteristic peaks of the SA-3NBZ (1:1) experimental PXRD 

pattern can be observed at 9.9°, 21.2° and 22.6°, while mixing characteristic peaks (15.1°, 17.7° 

and 26.2°) of the SA-3NBZ (1:1) cocrystal can be obviously observed. These results are 

consistent with DSC data. 

Theoretical Calculation 

To gain further insight into the stability of SA-3NBZ (1:1, 2:2), a computational study based on 

DFT corrected for dispersive interactions was developed in the present study. The structures of 

the pure crystals and cocrystals were optimized with respect to cell shape and dimensions as well 

as ionic positions. Table 2 displays the experimental and optimized parameters obtained. It can 

be observed that for the four structures considered, the calculated parameters are in excellent 

agreement with the experimental data. Upon optimization, the structures stay monoclinic with 

deviations of less than one degree for the angle. The lattice vectors are slightly underestimated 

by less than 2% with respect to the experimental values, resulting in a weak shrinking of the unit 

cell volume of at most 2.2%. Note that the use of DFT was not corrected for dispersion results in 

a severe overestimation of the geometrical parameters (not shown). 

The total energy per molecule including dispersion corrections for the calculated 

systems are displayed in Table 3. The contribution of the dispersion interaction is also 

shown and is found to be more important for the extended systems (pure and cocrystals) 

than for the gas-phase systems. The pure crystals are stabilized by -1.30 eV (SA) and -

1.39 eV (3NBZ) with respect to the gas-phase molecules. The cocrystals are only weakly 

stabilized with respect to the pure crystals, -0.01 eV (1:1) and -0.05 eV (2:2). This may 

indicate the meta-stability of the cocrystals with respect to the pure phases. In the SA-

3NBZ (2:2), 3NBZ is formed by dimers, where the O and the NH2 groups face one 

another, leading to a symmetric local structure. Cocrystals show a very interesting 

structure where the two molecules are joined together by a resonant hydrogen bond. 

Interestingly, the OHO distances are extremely short. These suprastructures are arranged 

in a parallel manner in the perpendicular axis, with a benzene stacking on top of the 

resonant structure, leading to van der Waals interactions. This is highlighted in Figure 7 
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using the visualization of the NCI method.39, 40 Hydrogen bonds appear as blue circles, 

and van der Waals interactions can be visualized as extended green surfaces within this 

approach. Figure S1a, c highlights the double hydrogen bond and the stacking of layers in 

the 1:1 cocrystal, respectively. Figure S1b, d present the 2:2 arrangements (see Fig. S1 for 

a schematic view of the arrangement). An important difference is also highlighted in 

Figure S1d: the appearance of hydrogen-bonded networks between the layers, 

contributing to the stability of the dimer cocrystal. 

DISCUSSIONS 

Polymorphic Cocrystal Discovery and Preparation 

The stoichiometric/polymorphic cocrystals screening procedure for SA was performed 

using thermal methods. Three endotherms (representing a eutectic point and two melting 

points) and two exotherms (representing new recrystallization) can be observed clearly on 

the DSC diagrams of SA-3NBZ system. MTDSC presents a better way than common 

DSC to observe these complex thermal behaviors in the present study. The reversing and 

nonreversing curves clearly demonstrate the recrystallization procedures. HSM can be 

used as a helper method to confirm DSC discovery. However, SA-3NBZ cocrystals with 

stoichiometry cannot be prepared for a long time by many methods including LAG, 

SESM, rapid solvent removal and even the slurry method. Only SA-3NBZ (1:1) is 

prepared and repeated multiple times. It is speculated that the unprepared cocrystal maybe 

a meta-stable solid phase. The meta-stable property hinders us obtaining it from 

experiments. Notably, the crystal nucleation of SA changed in different solvents.24 The 

SA dimer can be formed in chloroform solution, and chloroform was selected as a wetting 

organic solvent in LAG method based on a previous study. PXRD results have 

demonstrated slightly different peaks (Fig. S2.). Considering the nucleation can be 

correlated with chloroform, over fifty cocrystal preparation experiments at different 

concentrations using the slow evaporation method were designed and performed in this 

work. Finally, SA-3NBZ (1:1, 2:2) polymorphic cocrystals were obtained. 

Solid Characterization and Theoretical Calculation  

For the SA-3NBZ cocrystals, different intermolecular hydrogen bonds can be determined 

by X-ray diffraction analysis. Although the accurate molecular structures can be 

characterized by single X-ray diffraction analysis, the bulk sample with high phase purity 
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for SA-3NBZ (2: 2) cannot be prepared. SA-3NBZ (1: 1) always mixed together with SA-

3NBZ (2:2) even in chloroform solution. Two sharp endotherms from SA-3NBZ (2:2) can 

be clearly observed in Figure 3. As the higher melting point is determined for the SA-

3NBZ (1:1), 110.3 °C is easily assigned as the melting point for the SA-3NBZ (2:2). The 

DSC and PXRD results both indicate low phase purity for SA-3NBZ (2:2) and high phase 

purity for SA-3NBZ (1:1).  

The unusual preparation method of SA-3NBZ (2:2) bulk sample with low phase purity 

may have two possible reasons. First, the organic solvent influences the cocrystallization 

of SA. Many other organic solvents such as ethanol, methanol and acetone are used in this 

work. No evidence supports the formation of SA-3NBZ polymorphic cocrystals. Second, 

interaction energy (-0.05 ev) of SA-3NBZ (2:2) indicates lower stability than 1:1 SA-

3NBZ (-0.01 ev). The cocrystallization is inclined to form a more stable phase. The total 

energy of both cocrystals is calculated as -913.18 ev (1: 1) and -1826.68 ev (2: 2) 

respectively. The negative values indicate an exothermic reaction. Now, we extend the 

concept to why polymorphic cocrystals can be discovered by thermal methods. The 

reliable DSC records and energy calculation based on single crystal X-ray diffraction data 

present a reasonable explanation: (1) Two distinctive endotherms (114.5 °C and 110.3 °C) 

for both cocrystals guarantee this finding, and (2) a large energy barrier (>900 ev) 

between the polymorphic cocrystals prevents direct phase transformation.  

CONCLUSIONS 

In summary, the present study reports the discovery of two new polymorphic cocrystals 

composed of SA and 3NBZ (1:1 and 2:2, molar ratio) using thermal methods. Interestingly, a 

SA-3NBZ (2:2) was obtained and confirmed by X-ray diffraction analysis for the first time. 

Theoretical calculations corrected with dispersion indicate a weak energetic stabilization of the 

obtained cocrystals 1:1 (-0.01 eV/molecule) and 2:2 (-0.05 eV/molecule). The theoretical 

calculation based on X-ray diffraction supports distinctive endotherms with large energy barriers 

are in favor of gazing polymorphic cocrystals.  
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Table 1. Crystallographic data of SA-3NBZ cocrystals 

 SA-3NBZ (1:1) SA-3NBZ (2:2) 

Formula (C7H6O3)•(C7H6N2O3) (C7H6O3)2•(C7H6N2O3)2 

formula weight 304.26 608.52 

T (K) 173.00 (14) 150.00 (10) 

crystal size (mm3) 0.20×0.18×0.04 0.37×0.32×0.22 

crystal system Monoclinic Monoclinic 

space group P21/c Ia 

a (Å) 6.3351(3) 21.7838(11) 

b(Å) 30.5729(10) 5.1719(3) 

c (Å) 7.4045(3) 25.3404(19) 

α (°) 90.00 90.00 

β (°) 106.004(4) 104.792(7) 

γ (°) 90.00 90.00 

V(Å3) 1378.54(10) 2760.3(3) 

Z 4 8 

Z' 1 2 

ρ(calcd) (mg.m-3) 1.466 1.464 

radiation type Cu Kα Cu Kα 

θrange (°) 6.21-71.36 3.5850-66.4410 

R1 [I>2σ(I)] 0.0379 0.0467 

Wr2 (all data) 0.0955 0.1201 

goodness-of-fit (on F2) 1.006 1.065 

CCDC 1060736 1404397 
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Table 2. Geometric parameters for the crystals considered: dimensions in Å, volume V in Å3 

 Pure crystals Cocrystals 

 SA 3NBZ 1:1 2:2 

 

Z 

Calc.a 

 8 

Exp.34, 35 

8 

Calc.a 

4 

Exp.36 

4 

Calc.a 

4:4 

Exp.a 

4:4 

Calc.a 

8:8 

Exp.a 

8:8 

a 11.394 11.52 12.739 12.776 6.288 6.3351 21.608 21.7838 

b 11.224 11.21 7.797 7.809 30.618 30.5729 5.151 5.1719 

c 4.843 4.92 7.690 7.842 7.283 7.4045 25.282 25.3404 

a 90.000 90 90.000 90 90.000 90 90.000 90 

b 91.859 90.83 106.697 106.94 105.622 106.004 104.833 104.792 

c 90.000 90 90.000 90 90.000 90 90.000 90 

V 618.99 635.3 731.630 748.43 1350.370 1378.54 2720.000 2760.33 

a this work. 
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Table 3. Total ET, dispersion Edisp and interaction Eint energy for the system calculated, in eV. The 

interaction energy is calculated with the formula given in the text, it is given per molecule, 

negative values indicate exothermic reaction 

 ET Edisp Eint 

Gas-phase SA -105.86 -0.18  

Gas-phase 3NBZ -119.73 -0.22  

Pure crystal SA -428.65 -3.86 -1.30a 

Pure crystal 3NBZ -484.49 -4.35 -1.39a 

Cocrystal 1:1 -913.18 -8.25 -0.01b 

Cocrystal 2:2 -1826.68 -16.20 -0.05b 

a The gas-phase molecules SA and 3NBZ are considered for the evaluation of the pure phase 

stability.  

b The pure crystals are considered for the calculation of the cocrystal stability. 
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Scheme. 1. Chemical structures of SA and 3NBZ 

Figure Captions 

Fig. 1. DSC (left) and MTDSC (right) results of SA-3NBZ physical mixture (1:1, molar 

ratio) 

Fig. 2. The SA-3NBZ cocrystal generation zone observed by HSM (A= SA, B= 3NBZ, C= 

cocrystal) 

Fig. 3. The DSC profiles of SA-3NBZ cocrystals with heating rate at 10 °C.min-1 (SA, black; 

3NBZ, red; 1:1 cocrystal, blue; 2:2 cocrystal, green) 

Fig. 4. (a) 1D chain, (b) side view (down) of 2D sheet and (c) 3D structure of SA-3NBZ 

(1:1) 

Fig. 5. (a) 2D structural sheet, (b) 3D structure of SA-3NBZ (2:2) 

Fig. 6. The experimental and calculated PXRD patterns for SA-3NBZ cocrystals (a, experimental 

for 1:1 cocrystal; a', calculated for 1:1 cocrystal; b, experimental for 2:2 cocrystal; b', calculated 

for 2:2 cocrystal;) 

Fig. 7. Interaction network revealed by NCI: a) hydrogen bonding network in the 1:1 

cocrystal; b) hydrogen bonding network in the 2:2 cocrystal; c) Packing interactions in the 

1:1 cocrystal (van der Waals interactions (square) are highlighted); d) Packing interactions 

in the 2:2 cocrystal (the interface hydrogen bonded network is highlighted with a circle) 
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