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Abstract

:

Herein we present two new organic co-crystals obtained through a simple solution growth process based on an acetamidophenol molecule, either paracetamol or metacetamol, and on 7,7,8,8-tetracyanoquinodimethane (TCNQ). These co-crystals are part of a family of potential organic charge transfer complexes, where the acetamidophenol molecule behaves as an electron donor and TCNQ behaves as an electron acceptor. Due to the sub-micron size of the crystalline domains, 3D electron diffraction was employed for the structure characterization of both systems. Paracetamol-TCNQ structure was solved by standard direct methods, while the analysis of metacetamol-TCNQ was complicated by the low resolution of the available diffraction data and by the low symmetry of the system. The structure determination of metacetamol-TCNQ was eventually achieved after merging two data sets and combining direct methods with simulated annealing. Our study reveals that both paracetamol-TCNQ and metacetamol-TCNQ systems crystallize in a 1:1 stoichiometry, assembling in a mixed-stack configuration and adopting a non-centrosymmetric P1 symmetry. It appears that paracetamol and metacetamol do not form a strong structural scaffold based on hydrogen bonding, as previously observed for orthocetamol-TCNQ and orthocetamol-TCNB (1,2,4,5-tetracyanobenzene) co-crystals.
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1. Introduction


Symmetry is the true heart of crystallography. It is because of the symmetry that the description of a crystal passes from an Avogadro number of atoms to few atoms in the asymmetric unit. This simplifies enormously the problem of solving the crystal structure of an unknown phase. When the crystals become extremely small, in the range of few nanometers, the problem of symmetry determination becomes extremely challenging. The beautiful hints given by the crystal shape are hard to recognize in electron microscopy images of nanocrystals. The guide given by single-crystal diffraction data is not available when the size falls below a few microns. Then, the standard investigation technique becomes powder X-ray diffraction, which suffers from a reduction of dimensionality. In powder diffraction, the signal is one dimensional, while the symmetry is a three-dimensional quantity. Therefore, the determination of symmetry by powder diffraction can only be obtained indirectly through the profile fitting of the derived structural model.



In the last 15 years, since 2007, a new single-crystal diffraction technique became available for nanocrystals [1,2,3]. Because electrons interact stronger with matter than X-ray and can be focused in small bright beams, it is possible to record electron diffraction signals from crystals of a few hundreds of nanometers in any transmission electron microscope (TEM). This effect has been known since the invention of TEM, however, nobody thought to use the TEM as a single-crystal diffractometer until very recently. One reason was that the dynamical scattering, which spoils the simple linear relation between the diffraction intensities and the square modulus of the structure factors, was considered too strong for inorganic structures. On the other hand, organic structures are very beam sensitive so that only a few oriented patterns could be collected from them [4]. Still, electron diffraction had been successfully used for symmetry determination, especially in convergent beam electron diffraction (CBED) mode, but mainly on hard inorganic samples that are rather resistant to beam damage [5,6]. When scientists eventually tried to collect 3D electron diffraction (3D ED) data by recording a sequence of patterns while the crystal is rotated around the TEM goniometer axis [1], they discovered that the dynamical scattering is not so strong to completely hamper the structure solution based on kinematical approximation [7]. In particular, it was noticed that when reflections are integrated over their excitation error, the resulting 3D intensity data set can be considered quasi-kinematical.



The proper integration of reflection intensities was initially achieved by collecting each pattern of the sequence in precession mode, with the electron beam precessing on a cone surface having the vertex fixed on the sample plane [7]. The precession movement allows the Ewald sphere to sweep the reciprocal space around the actual orientation, integrating each nearby reflection over a certain excitation error. Later on, the same result was achieved by fine sampling the reciprocal space with small electrical beam tilts in the so-called rotation electron diffraction method [8]. Both of these acquisition protocols turned out to be very successful for the structure solution of unknown crystal structures [3].



The quasi-kinematical character of electron diffraction intensities guarantees the possibility to have valuable symmetry information, such as extinction conditions. However, the presence of residual dynamical scattering and experimental inaccuracies in the data collection always require them to be validated by a complete structure solution. This is particularly evident in the case of organic structures. Organic materials are beam sensitive; therefore, 3D ED methods should be performed under very low dose conditions. Nowadays this is achieved by the employment of a new generation of very sensitive detectors (direct electron detectors) and by the speeding of data collection with continuous and semi-automatic data collection while the crystal is rotating [9,10,11,12,13]. Yet, continuous rotation data collections on nanocrystalline materials is experimentally complicated. It is very difficult to have sufficient goniometer stability for keeping the electron beam on the same area for a wide angular range [14]. Moreover, the beam sensitivity of some materials is so pronounced to limit the number of patterns that can be collected before high-resolution reflections start to deteriorate. Thus, merging among several data sets may be required to have an adequate reciprocal space coverage [15]. Eventually, it is rather difficult to have a reliable a priori determination of the Laue class based on only intensity data before the correct phasing scheme is fully resolved.



With 3D ED data, we are generally compelled to perform several structure solution attempts with all the space groups compatible with the lattice geometry and with the detected extinction conditions. Interestingly, it is the structure solution that will reveal the real symmetry. A wrong symmetry will result in a structure model that is not chemically sound. For example, orthocetamol crystals exhibit a pseudo-tetragonal unit cell inside the precision of 3D ED data, but the symmetry had to be reduced to monoclinic in order to achieve the correct structure solution [16]. Similarly, the delta-polymorph of indomethacin was determined only after two independent molecules were introduced in the unit cell, obliterating the possibility of centrosymmetry [17].



Three-dimensional ED has been successfully used for the determination of nanocrystalline organic co-crystals [18,19]. In particular, Hitchen et al. [20] revealed the possibility of a new family of organic charge transfer (CT) complexes, based on rigid scaffold chains of orthocetamol molecules connected through hydrogen bonding and coupled with different planar acceptors. Here we report the structure solution of two other co-crystals based on acetamidophenol regioisomers (i.e., metacetamol and paracetamol) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) (Figure 1). The structure determination of these two compounds was particularly challenging due to their beam sensitivity and triclinic symmetry, which reduced the overall data completeness. While the paracetamol-TCNQ co-crystal could be solved ab initio by direct methods, metacetamol-TCNQ co-crystal was determined by simulated annealing using a priori information about molecule connectivity. Both structures were subsequently optimized, verifying they were minima in the conformational energy landscape.




2. Materials and Methods


2.1. Crystallisation


Paracetamol (>98% purity), metacetamol (>97%), and TCNQ (>98%) were obtained from Sigma-Aldrich and used as received without further purification. Donor and acceptor molecules were combined in a 1:1 M ratio in a minimum amount of anhydrous chloroform (Sigma-Aldrich, St. Louis, MO, USA, >99%) at room temperature. After 24 h, solutions were filtered at room temperature. After one week of slow evaporation, crystals of both paracetamol-TCNQ and metacetamol-TCNQ were removed from the solution and subsequently dried for analysis.




2.2. TEM and 3D ED Structure Analysis


High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging and 3D electron diffraction (3D ED) were performed with a Zeiss Libra 120 TEM operating at 120 kV and equipped with a thermionic LaB6 source. A small amount of each co-crystal sample was gently crushed and directly loaded on a carbon-coated Cu TEM grid without any solvent or sonication. Three-dimensional ED was performed in STEM mode after defocusing the beam in order to have a parallel illumination on the sample, as described in Lanza et al. [21]. ED patterns were collected in Köhler parallel illumination with a beam size of about 150 nm in diameter, obtained with a 5 µm C2 condenser aperture and recorded by an ASI MEDIPIX single-electron detector [9]. This delivered virtually background-free diffraction patterns and allowed working with a very low electron dose.



For both samples, 3D ED data collections were performed at room temperature. No evidence of beam damage was ever observed, likely due to the extremely low dose rate. Three-dimensional ED data sets cover ranges 70–120°. Camera lengths of 180 mm were used, allowing for a resolution in real space of about 0.7 Å. Data were acquired in stepwise mode, with fixed steps of 1°. After each tilt, a diffraction pattern was acquired, and the crystal position was tracked by defocused STEM imaging. During stepwise experiments, the beam was precessed around the optical axis by an angle of 1° to improve reflection intensity integration [7]. Beam precession was performed using a Nanomegas Digistar P1000 device [22].



Three-dimensional ED data were analyzed with the software PETS 2.0 [23], using a low threshold during reflection search (I/σ = 5). Structure determinations were achieved by both standard direct methods (SDM) and simulated annealing (SA), as implemented in the software SIR2014 [24]. For SA structure determination, the models of single molecules were extracted from the Cambridge Structural Database [25]. Each co-former molecule was modeled as a unique fragment (Figure 1), where the atomic distances and coordination were known. No anti-bump restraint was used. Data were treated with a fully kinematical approximation, assuming that Ihkl was proportional to |Fhkl|2. Least-squares structure refinements were performed based on the most complete acquisitions with the software SHELXL [26], using soft and rigid geometrical constraints. In the final refinement step, all hydrogen atoms were constrained in geometrically idealized positions. Atomic structures were visualized by the software VESTA [27].




2.3. Theoretical Calculations


Computational optimization was performed on both structures using CRYSTAL17 software [28] and calculated using the PBE0/6-31G level with 0 thermal component. Starting geometries were taken directly from experimentally determined models. Structures were compared to assess similarities between 3D ED-generated structures and the lowest energy structures obtained via calculation.





3. Results and Discussion


3.1. Structure Determination of Paracetamol-TCNQ Co-Crystal


Paracetamol-TCNQ crystallizes as yellow platelets up to 500 µm in size (Figure 2a). Such platelets are indeed agglomerates of much smaller crystalline domains, and this hinders the possibility of single-crystal X-ray diffraction experiments. Three-dimensional ED data were then recorded from six single-crystal fragments with a size less than 1µm (Figure 2c). All six 3D ED data sets delivered a triclinic unit cell with approximate parameters a = 7.20 (14) Å, b = 6.60 (13) Å, c = 9.20 (18) Å, and α = 91.1 (5)°, β = 99.7 (5)°, γ = 86.1 (5)°. A close look at 3D ED reconstructions revealed no hint of extinction features (Figure 3a–c). Considering the 1:1 ratio of paracetamol and TCNQ, such a cell would conveniently host only one pair of constituent molecules, which is consistent with the triclinic space group P1 (No. 1).



The structure of paracetamol-TCNQ co-crystal was determined ab initio by SDM using only the most complete 3D ED data set, i.e., the one acquired within the wider angular range and with better defined high-resolution reflections. All 27 non-hydrogen atoms of the structure were found by automatic routines after direct method phasing and both paracetamol and TCNQ molecules were immediately recognizable.




3.2. Structure Determination of Metacetamol-TCNQ Co-Crystal


Metacetamol-TCNQ appears as thin black platelets up to a few cm in length (Figure 2b). Again, each platelet is an agglomerate of much smaller crystalline domains. Three-dimensional ED data were recorded from five single-crystal fragments of different sizes (Figure 2d). All reconstructed 3D ED data delivered a triclinic primitive unit cell with parameters a = 7.30 (15) Å, b = 9.40 (19) Å, c = 9.80 (20) Å and α = 106.0 (5)°, β = 93.4 (5)°, γ = 92.3 (5)°. No extinction features were detected (Figure 3d–f), and cell volume appeared consistent with only one pair of constituent molecules.



Diffraction data from metacetamol-TCNQ turned out to be of lower quality than the ones collected from paracetamol-TCNQ. Indeed, no structure solution could be achieved using a single 3D ED data set. Two data sets were therefore merged with a scale factor based on the strongest reflections (arguably the ones whose intensity values were relatively less affected by dynamical effects, experimental inaccuracies, and background).



Using this merged data set, the structure of metacetamol-TCNQ could be solved by SDM in space group P1 (No. 1). The maxima of the resulting potential map were poorly defined. One atom of metacetamol ring was not spotted by automatic routines, while the TCNQ molecule was largely incomplete, especially around the cyanide group, where atoms were relatively close (C≡N bond distance is expected in the range 1.16–1.11 Å). To some extent, the resolution of the cyanide group was also complicate in the previously reported orthocetamol-TCNQ co-crystal, where considerably better data were available [20].



The structure of metacetamol-TCNQ was independently confirmed by SA method. This global optimization method has been already applied to poor quality 3D ED data for the determination of organic structures [8,17,19,29,30]. SA method appears particularly suitable for this case, because TCNQ molecule is rigid and acetamidophenols have only one free torsion angle.




3.3. Structure Refinement and Energy Minimisation


Structure models of paracetamol-TCNQ and metacetamol-TCNQ were eventually least-squares refined against 3D ED data using SHELXL [26]. Geometrical ties were added stepwise to check the stability of the models. All hydrogen atoms were generated in idealized positions during the last refinement cycle. More details about the structures determination and refinement are listed in Table 1. Final models for paracetamol-TCNQ and metacetamol-TCNQ crystal structures are shown in Figure 4. Related CIF files have been uploaded in the CCDC database, with deposition numbers 2147971 and 2148006, respectively.



Computational optimization was performed on both structures using CRYSTAL17 software [28], as previously done for olanzapine-phenol co-crystal [19]. A comparison of the experimental and calculated structures shows only minor differences in the hydrogen-bond lengths or relative ring angles, while the overall structure remains virtually intact. This confirms that the models determined experimentally based on 3D ED data are indeed structural energy minima (Figure 5).




3.4. Structure Description


Paracetamol-TCNQ and metacetamol-TCNQ structures show a mixed-stack motif, as observed in many organic CT co-crystals [20,31,32]. In paracetamol-TCNQ, molecules of paracetamol and TCNQ are piled along their 6-carbon rings, following an ‘eclipsed’ arrangement such as in orthocetamol-TCNQ [20] (Figure 4c). In metacetamol-TCNQ, molecules show a looser piling, and the TCNQ ring is centered on the amide-phenol junction of the metacetamol molecule (Figure 4d). This packing generates a large channel along [001], with a diameter of more than 6 Å (Figure 4f).



Both paracetamol-TCNQ and metacetamol-TCNQ show no evidence of hydrogen bonding between acetamidophenol molecules. This is the most striking difference with orthocetamol-TCNQ co-crystal, whose structure is based on rigid scaffold chains of orthocetamol molecules [20]. Eventually, metacetamol-TCNQ and paracetamol-TCNQ appear more similar to conventional organic CT co-crystals, based on flat and loosely connected molecules.



We also point out the drastic reduction of symmetry from orthocetamol-TCNQ to paracetamol-TCNQ and metacetamol-TCNQ co-crystals. The former crystallizes in monoclinic space group Pc, with four couples of constituent molecules hosted in the asymmetric unit. Instead, both compounds reported in this paper crystallize in the triclinic space group P1, characterized by the only translational symmetry. Because the three compounds were obtained following a comparable crystallization route, such reduction of symmetry is dictated by the different acetamidophenol molecules. In particular, structure differences appear mostly related to the tendency of orthocetamol to form stiff backbone chains [16]. Interestingly, all acetamidophenol-TCNQ co-cocrystals reported up to date are non-centrosymmetric.





4. Conclusions


The structures of paracetamol-TCNQ and metacetamol-TCNQ co-crystals were solved using 3D electron diffraction despite remarkable experimental difficulties, such as small crystal size, beam sensitivity, and low symmetry. This result would be impossible to obtain with conventional single-crystal X-ray methods and hardly feasible even with cutting-edge powder X-ray facilities due to severe peak broadening and overlapping.



This work completes the study of acetamidophenol-TCNQ co-cocrystals produced through the simple evaporation from an anhydrous chloroform solution. While orthocetamol-TCNQ showed a more symmetric arrangement based on rigid scaffold chains of orthocetamol molecules [20], paracetamol-TCNQ and metacetamol-TCNQ crystallize in the lowest symmetric space group P1 and exhibit motifs more similar to typical mixed-stack organic CT co-crystals. This example emphasizes how much structures and symmetry of co-crystals may be affected by seemingly minor differences in the molecular configuration of their constituents, such as the ones that occur among the three acetamidophenol regioisomers.
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Figure 1. Molecular schemes of the three constituents used in this study. 
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Figure 2. Light microscopy images of paracetamol-TCNQ (a) and metacetamol-TCNQ (b) platelets. HAADF-STEM images of paracetamol-TCNQ nanocrystals (c) and metacetamol-TCNQ nanocrystals (d) selected for 3D ED data collection. 
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Figure 3. Selected planar cuts of the 3D ED reconstruction from paracetamol-TCNQ (a–c) and metacetamol-TCNQ (d–f) co-crystals. 






Figure 3. Selected planar cuts of the 3D ED reconstruction from paracetamol-TCNQ (a–c) and metacetamol-TCNQ (d–f) co-crystals.



[image: Symmetry 14 00431 g003]







[image: Symmetry 14 00431 g004 550] 





Figure 4. Paracetamol-TCNQ (a,c,e) and metacetamol-TCNQ (b,d,f) structures viewed along selected projections. Carbon atoms of paracetamol and metacetamol molecules are in brown, carbon atoms of TCNQ molecule are in orange, nitrogen atoms are always in light blue, oxygen atoms are in red, and hydrogen atoms are in light grey. The [001] channel in metacetamol-TCNQ is emphasized by a dashed circle (diameter about 6 Å). 
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Figure 5. Overlay of the experimental (red) and calculated (green) structures of paracetamol-TCNQ (a) and metacetamol-TCNQ (b) co-crystals. 
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Table 1. Selected parameters from structures determination and refinement.






Table 1. Selected parameters from structures determination and refinement.





	

	
Paracetamol-TCNQ

	
Metacetamol-TCNQ






	
ab initio structure determination by SIR2014




	
Data resolution (Å)

	
0.8

	
0.9




	
Sampled reflections (No.)

	
2296

	
2763




	
Independent reflections (No.)

	
1251

	
1403




	
Independent reflection coverage (%)

	
71

	
76




	
Global thermal factor U iso (Å2)

	
0.02820

	
0.03214




	
Rint (%)

	
20.19

	
16.01




	
RSIR (%)

	
27.60

	
29.82




	
structure refinement by SHELXL




	
Data resolution (Å)

	
0.9

	
0.9




	
Reflections total (No.)

	
1492

	
2763




	
Reflections > 4σ (No.)

	
648

	
1449




	
R14σ (%)

	
37.01

	
34.60




	
R1all (%)

	
39.46

	
46.28




	
GooF

	
2.161

	
3.850
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