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Indomethacin is a clinically classical non-steroidal anti-inflammatory drug that has been marketed since 1965. The third 
polymorph, Form δ, was discovered by both melt and solution crystallization in 1974. δ-indomethacin cannot be 
cultivated as a large single crystal suitable for X-ray crystallography and, therefore, its crystal structure has not yet been 
determined. Here, we report the structure elucidation of δ-indomethacin by 3D electron diffraction and reveal the truth 
that melt-crystallized and solution-crystallized δ-indomethacin are in fact two polymorphs with different crystal 
structures. Intriguingly, both structures display plastic flexibility based on a slippage mechanism, making indomethacin 
the first drug to have two plastic polymorphs. This discovery and correction of a 47-year-old misunderstanding signify 
that 3D electron diffraction has become a powerful tool for polymorphic structural studies. 

Polymorphism refers to the formation of different crystal packing from a single compound and is an important phenomenon in many areas of 
science—most notably the pharmaceutical industry.[1,2] Polymorph screening is a necessary step during drug discovery since different polymorphs 
of the same drug can differ in their physicochemical properties and drug outcomes. Although solution crystallization is the traditional method for 
polymorph screening, melt crystallization is now revealing a growing list of pharmaceutical polymorphs which cannot be obtained from solution.[3–

11] The golden standard for identifying polymorphism is by determining the single crystal structure. Melt crystallization, however, usually yields 
polycrystalline spherulites and therefore, it is challenging to elucidate the structures of melt-crystallized polymorphs. Recently, we developed a 
general method for rapidly growing single crystals from melt microdroplets.[12] This strategy highly facilitates the structure determination of 
polymorphs crystallized from the melt.[3,13]  

Single-crystal X-ray diffraction (SCXRD), the main workhorse in structural chemistry, requires good-sized crystals (usually larger than 50 μm in each 
dimension for laboratory diffractometers and 5-10 μm in each dimension for strong synchrotron radiation[14]) of sufficient quality. Many compounds 
cannot be grown as large crystals and their small crystals often appear to be poor in quality due to a large mosaic spread and/or stacking faults.[15] 
Therefore, the structure determination of small crystals (very thin plates or very fine needles) is a difficult and long-standing problem. 

3D electron diffraction (3D ED) methods, also known as microcrystal electron diffraction (MicroED), have developed rapidly in recent years.[16–20] 
The ability to solve small molecule structures by 3D ED was first explored using test compounds with known structures (organometallic species[21] 
and pharmaceutical compounds[14,22–24]) and then compounds with unknown structures (sofosbuvir-L-proline cocrystal,[25] orthocetamol,[26] zeolite 
ECNU-23,[27] and loratadine form II[28]). Whilst conceptually 3D ED is comparable to SCXRD, there is a unique advantage to using electrons for 
diffraction experiments. Thanks to the strong interaction between electrons and matter, 3D electron diffraction data can be collected from very 
small crystallites. Crystals 106 times smaller in volume than those required for X-ray diffraction can now be studied. The power of 3D ED for solving 
crystal structures of thin crystals has been demonstrated using paracetamol and a methylene blue derivative as model compounds.[14] However, 
good-quality, large crystals of these two compounds can also be grown meaning the crystals used in the study were also of high-quality despite 
their small sizes.  

Indomethacin (IDM, chemical structure shown in Figure 1) is a clinically classic non-steroidal anti-inflammatory drug discovered in 1963[29] and 
marketed since 1965. This drug displays rich polymorphism. In 1968,[30] Yamamoto reported three polymorphs of IDM, α (Tm of 154-155.5 °C), β 
and γ (Tm of 160-161.5 °C), where Tm refers to the melting point. Form β was later confirmed to be a solvate of IDM by Joshi et al. in 1998.[31] In 
1974,[32] Borka reported the third true polymorph of IDM with a Tm of 134 °C, designated as Form III. Borka grew Form III by two methods: 
spontaneous crystallization from melt between 70-90 °C and from a warm methanol solution. In 1998, Joshi obtained Form III by desolvation of 
IDM solvates[31] and was the first to report the powder X-ray diffraction (PXRD) data. In 2002, Crowley et al.[33] used Joshi’s method to prepare Form 
III by desolvation of IDM methanolate and renamed this polymorph as Form δ. From this point onwards, people referred to the third polymorph 
(Form III) of IMD obtained by melt crystallization[34,35] and solution crystallization[36] as Form δ. In 2013, Forms ε, η and ζ were obtained by 
recrystallization of amorphous IDM in solution under different pH values.[36] The seventh polymorph was discovered in 2018 by recrystallization of 
IDM from polyethylene glycol-based solid dispersion.[37] Only the crystal structures of Forms α (P1, Z = 2, Table S1)[38] and β (P21, Z = 6, Table S1)[39] 
are known and were reported in 1972 and 2002, respectively. 



 

 

Figure 1. The chemical structure of indomethacin. 

We noticed that the reported PXRD patterns of δ-IDM crystallized from melt[34,35] and solution[31,33,36] are different. This led us to ask, do the two 
crystallization methods of δ-IDM produce different polymorphs? In this work, we performed microdroplet melt crystallization[12] for single crystal 
cultivation of both melt-crystallized δ-IDM (melt δ-IDM) and solution-crystallized δ-IDM (solution δ-IDM ) and applied 3D ED for structure 
elucidation of both phases to correct this 47-year-old misunderstanding.  

We grew polycrystalline melt δ-IDM by spontaneous nucleation at 60 °C from supercooled IDM. We obtained polycrystalline solution δ-IDM from 
a pH 6.8 phosphate-buffered saline by partial recrystallization of amorphous IDM, then seeded it in supercooled IDM at 100 °C for growth. The 
PXRD patterns of melt and solution δ-IDM matched the reported data well (Figure 2a and S1).[31,33–36] Further characterization indicated that melt 
and solution δ-IDM samples exhibited different melting enthalpies (26.53±0.69 J/mol for melt δ-IDM and 30.78±0.38 J/mol for solution δ-IDM, n=3) 
and Fourier transform Raman and infrared spectra (Figures 2b-d, S2 and S3). This confirmed our hypothesis that the two methods of crystallization 
produce different polymorphs. The two phases have very similar melting points (134.17±0.76 for melt δ-IDM and 133.57±0.29 for solution δ-IDM, 
peak temperature, n=3, Table S2), which may be the reason why they have been mistaken for the same polymorph for almost five decades. 

 

 

Figure 2. Characterization of melt δ-IDM and solution δ-IDM. (a) PXRD patterns; (b) Differential scanning calorimetry (DSC) curves (n=3); (c) Fourier 
transform infrared spectra; (d) Fourier transform Raman spectra 

To unambiguously confirm the two phases, we needed to determine their single crystal structures. Single crystals of melt and solution δ-IDM were 
cultivated from supercooled IDM by microdroplet melt crystallization.[12] Single crystals of melt δ-IDM are ribbons (Figures 3a and S4) and those of 
solution δ-IDM are needles (Figures 3d and S4). Both crystals exhibit one-dimensional growth and are too thin for sufficient X-ray crystallography—
even the third-generation synchrotron radiation source. The small size of the single crystals may be the reason why the two structures of δ-IDM 
have remained unknown for such a long time. 

  



 

Figure 3. Polarized optical microscopy images of single crystals and crystal structures of IDM polymorphs. (a-c) Melt δ-IDM; (d-f) Solution δ-IDM; (g-i) 
α-IDM. Left: single crystal before deformation. Middle: single crystal after deformation. Right: crystal packing. 

For 3D ED data collection, we first separated the single crystals from the supercooled melt, gently crushed them and then loaded them on a holey 
carbon film supported Cu TEM grid. Data were collected from both melt and solution δ-IDM at room temperature using the continuous rotation 
method.[16–19,40] Since the samples were beam sensitive, data were collected in small wedges (~40 °) over a large tilt range (-60 ° to +60 °) which 
helped to achieve sufficient completeness whilst avoiding significant radiation damage. The crushed crystals had a width typically of 1 - 2.5 μm 
(Figure S5) and diffracted to a resolution of ~1 Å for melt δ-IDM and 1.15 Å for solution δ-IDM. The diffraction frames were indexed using Rotation 
ED processing software (REDp)[41] and integrated and merged using XDS.[42] The unit cell parameters were refined against the PXRD data using the 
Pawley method[43] with the TOPAS-Academic v6 program package.[44] 

Melt δ-IDM is in the C-centered monoclinic space group Cc (No. 9) with the lattice parameters: a = 4.786(1) Å, b = 56.999(9) Å, c = 12.908(2) Å, α = 
90 °, β = 99.57(1) °, γ = 90 ° (Figures 4 and S6). Since diffraction data were collected in small wedges, it was necessary to merge individual datasets 
after indexing to improve completeness and I/σ(I) for structure solution and refinement. Seven datasets were chosen for merging based on the 
similarity of their unit cell dimensions and cross-correlation of indexed intensities, giving an overall completeness of 74.5% (Table S3 summarizes 
the crystallographic information used for the structure solution). Although the merged data had sufficient resolution (1.02 Å), completeness (74.5 
%) and I/σ(I) (3.7), the structure could not be solved by direct methods. This was due to missing diffraction information along the 0k0 axis (Figures 
4 and S6). The preferred orientation of the crystals on the grid together with the limited rotation range of the specimen holder prevented the 
collection of diffraction information along the 0k0 axis. We overcame the problem of missing information by utilizing the simulated annealing 
method implemented in the program Sir2014[45] as the method for phasing. Woollam et al.[28] demonstrated recently that simulated annealing is a 
convenient alternative method to reach a structure solution when 3D ED data are not sufficient for structure solution by ab initio methods. The 
simulated annealing input requires a molecular model along with the merged ED data.  The atom connectivity of γ-indomethacin (as reported in 
the CSD, reference code INDMET[38]) was used to create the rigid-body starting fragment in the form of a mol file. According to volume calculations, 
the asymmetric unit was predicted to contain two crystallographically independent molecules, therefore, two starting fragments were used as the 
input together with the experimental data. The general conditions for simulated annealing can be found in Table S4. Preliminary structure solutions 
showed overlapping molecules, this was again due to the lack of diffraction data along the 0k0 axis. Anti-bumping restraints were then used to 
prevent the overlapping. The structure with the lowest cost function (CF = 23.67) was refined by least-squares against the ED data using SHELXL.[46] 
The final R factor (R1 for all reflections) was 24.9%; the structure is shown in Figure 5 (Table S5 summarizes the experimental crystallographic and 
refinement data). 



 

 

Figure 4. 2D slices of reciprocal lattice planes. (a - c) melt δ-IDM; The reflection conditions obtained from the 3D ED data show that the crystal space 
group is Cc (No. 9). (d - f) solution δ-IDM; The reflection conditions show that the crystal space group is P21 (No. 4). 

Solution δ-IDM is in the monoclinic space group P21 (No.4) with the unit cell parameters: a = 18.301(5) Å, b = 5.123(1) Å, c = 18.564(6) Å, α = 90 °, 
β = 95.80(1) °, γ = 90 ° (Figures 4 and S7). Five datasets were chosen for merging and the overall completeness was 75.0% (Table S6 summarizes the 
crystallographic information used for the structure solution). The structure was solved using the simulated annealing method implemented in the 
program Sir2014,[45] using the same general conditions as melt δ-IDM (Table S4). The structure with the lowest cost function (CF = 29.20) was 
refined by least-squares against the ED data using SHELXL.[46] The final R factor was 19.8%; the structure is shown in Figure 6 (Table S7 summarizes 
the experimental crystallographic and refinement data). The simulated and experimental PXRD patterns for both melt and solution δ-IDM correlate 
well (Figures S8 and S9), confirming the correct structure elucidation and homogeneity for both phases. 

The structure of melt δ-IDM exhibited an extremely long b-axis (12 times the a-axis and 4.5 times the c-axis). By comparing the crystal orientations 
in real-space images with the corresponding indexed diffraction patterns (Figures S10 and S11), the longest crystal dimension was determined to 
be along the a-axis while the shortest dimension is along the b-axis This phenomenon matches the well-observed rule that the fastest growth of 
crystal occurs along the shortest crystallographic axis.[47,48] The huge difference in size between the b-axis and the other axes may be one of the 
essential reasons for the one-dimensional growth and resulting thin morphology of melt δ-IDM. However, solution δ-IDM has a smaller difference 
in the size of the three crystal axes but a much finer morphology in comparison to melt δ-IDM. 

 

 

 

 

 



 

 

Figure 5. Crystal structure of melt δ-IDM. (a) Molecular packing in melt δ-IDM viewed along the a-axis. (b) Viewed along the b-axis. (c) Viewed along 
the c-axis. (d) Overlay of the two crystallographically independent molecules (blue: molecule 1; green: molecule 2). (e) Carboxylic acid dimer formed 
between the two crystallographically independent molecules with a dihedral angle of 25.04°. 

 

 

 

Figure 6. Crystal structure of solution δ-IDM. (a) Molecular packing in solution δ-IDM viewed along the b-axis. (b) Viewed along the a-axis. (c) Viewed 
along the c-axis. (d) Overlay of the two crystallographically independent molecules (blue: molecule 1; green: molecule 2). (e) Carboxylic acid dimer 
formed between the two crystallographically independent molecules with a dihedral angle of 15.11°. 

 



For both melt and solution δ-IDM, the asymmetric unit contained two crystallographically independent molecules with very similar conformations, 
between which a carboxylic acid dimer forms (Figures 5e and 6e). This dimer also exists in α- and γ-IDM. The dihedral angle in melt δ-IDM is 25.04°, 
higher than that in solution δ-IDM (15.11°), α-IDM (11.76°)[39] and γ-IDM (0°)[38]. As shown in Table S8, the eight conformations found in the four 
IDM polymorphs can be classified into two families based on the torsion angles of θ(C4-C7-N1’-C16): molecule 1 in γ-IDM (151.09°) and molecules 
1 and 2 in α-IDM (154.54° and 153.64°) and melt δ-IDM (159.85° and 152.90°) belong to the same conformational family, while molecule 3 in α-
IDM (22.74°) and molecules 1 and 2 in solution δ-IDM (26.26° and 27.58°) belong to another group. 

Interestingly, both the ribbon-like melt δ-IDM and needle-like solution δ-IDM can undergo one-dimensional plastic deformation in the melt at 120°C 
(Figure 3c and f), while needle-like α-IDM is brittle and easy to break under the same conditions (Figure 3h). Since single crystals of γ-IDM have a 
block shape, it was not included in this discussion. Melt δ-IDM single crystals are readily bent down the main face (020) (i.e.ac plane, perpendicular 
to the longest crystal axis, b-axis) into the desired shape. After the force is removed, the crystals retain their bent shape. The origianl shape can be 
almost revovered with further application of external force. However, if the force is applied to the narrow side of the ribbon (along the shortest 
axis in geometry), it can easily break, indicative of one-dimensional plastic deformation for melt δ-IDM. Solution δ-IDM exhibits similar plasticity. It 
is difficult to distinguish the main faces (001) and (100) of solution δ-IDM, which are parallel to the shortest crystal axis (b-axis) because these 
needle-like crystals are extremely fine. In our experiments, some solution δ-IDM single crystals are very brittle and others are plastically bendable. 
Therefore, we speculate that this difference in mechanical deformation originates from the external force exerted on different crystal faces and 
plastically deformation of solution δ-IDM is also one-dimensional. 

In melt δ-IDM, each crystallographically independent molecule packs along the a-axis to form π-π stacking between the indole and chlorobenzene 
rings. Each blue molecule forms a carboxylic acid dimer (2.490 Å, 2.868 Å, 25.04°) with the neighboring green molecule and the two molecules are 
nearly perpendicular. These right-angle dimers interlock along the c-axis to form zippers. Different zipper columns are linked by weak van der Waals 
interactions, which facilitates the slipping between columns under stress. These slip planes are perpendicular to the b-axis (the shortest crystal 
axis) and parallel to the major face (020) (shown in Figures 3c and 7a). In solution δ-IDM, each molecule in the asymmetric unit packs along the b-
axis, forming π-π stacking between the indole and chlorobenzene rings. The two crystallographically independent molecules form Z-shaped 
carboxylic acid dimers (2.859 Å, 2.684 Å, 15.11°) with each other, which are arranged in rows along the a-axis (shown in Figures 3f and 7b). Weak 
van der Waals interactions between rows contribute to the formation of slip planes parallel to the face (001). Both melt and solution δ-IDM have 
π-π stacking columns along the shortest crystal axis (a-axis for melt δ-IDM and b-axis for solution δ-IDM) and the slip planes form between molecular 
columns, while the slip planes cannot be found in brittle α-IDM (Figures 7c, f and i). Therefore, the slippage of molecular layers along the slip plane 
is proposed to be the mechanism of plastic deformation of melt and solution δ-IDM during bending (see schematic diagram in Figure 6). The layer 
slippage enables the deformation to occur and the weak interactions between the layers makes the deformation irreversible. This slippage 
mechanism is the most common mechanism of plastic bending for molecular crystals.[49–54] No slip planes can be observed along the b-axis for melt 
δ-IDM nor parallel to the (100) plane for solution δ-IDM. This explains the one-dimensional plastic flexibility of the two polymorphs well.  

 

Figure 7. Schematic diagram of bending deformation of IDM polymorphs. (a) Melt δ-IDM; (b) Solution δ-IDM. 

 

 



Most organic molecular crystals are typically fragile and brittle under excessive stress and plasticity is rare. One compound displaying multiple 
plastic polymorphs is particularly remarkable. To the best of our knowledge, IDM is the first clinical drug with two phase-pure polymorphs displaying 
plasticity. Polymorphism that showcases various mechanical behaviors helps us to understand the relationship between crystal structure and solid-
state properties[55–58] and also offers an excellent opportunity to tune or predict pharmaceutical-related mechanical properties.[59] For example, the 
compressibility of an active pharmaceutical ingredient plays an important role in the tabletability of the formulation, especially for high drug-load 
formulations.[60] Plastic flexibility is advantageous for the tabletability due to the possibility of irreversible plastic deformation via the slippage of 
molecular layers and resulting improved ability to accommodate stress.[52] Therefore, the tabletability of melt and solution δ-IDM deserves further 
exploration due to their excellent plasticity compared to other polymorphs, for a better understanding of the relationship between pharmaceutical-
related mechanical properties and crystal structure and tuning of the tabletability through crystal engineering. Most plastically bendable molecular 
crystals were reported at room temperature, while only limited systems were studied above or below room temperature.[61] Because both melt 
and solution δ-IDM exhibit plastic flexibility at a high temperature (120 °C), the dependence of mechanical properties of IDM polymorphs on 
temperature is worthy of further investigation.  

Through combining microdroplet melt crystallization for single crystal growth with 3D ED for structure determination, we reported that the well-
studied δ-IDM samples crystallized from melt and solution are two phases with very similar Tm but different crystal structures. For 47 years, it has 
been understood that the two methods of crystallization produce the same polymorph, this finding now corrects that misunderstanding. Single 
crystals of both δ-IDM phases are extremely thin, meaning the structures could not be determined by X-ray crystallography—even the third-
generation synchrotron radiation. By finally achieving structure determination by 3D ED, the first case of a clinical drug displaying two phase-pure 
polymorphs with plastically bendable properties was revealed and the potential to tune the mechanical properties of drugs by polymorph selection 
was suggested. The successful single crystal growth and structure elucidation of both phases highlight the advancements in crystallization 
technology and emphasize the importance of 3D ED in polymorphic structural studies, especially for cases of very thin crystals that are beyond the 
capability of X-ray crystallography. 
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