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ABSTRACT The meta- and para- nitro isomers of (E)-3’-dimethylamino-nitrochalcone 

(Gm8m and Gm8p) are shown to exhibit concomitant color polymorphism, with Gm8m 

appearing as yellow (P21/c) or orange (P-1) crystals and Gm8p appearing as red (P21/n) or 

black (P21/c) crystals. Each of the polymorphs were characterized optically via UV-Vis 

spectroscopy and their thermal behavior via differential scanning calorimetry and low 

temperature powder X-ray diffraction. To assess the effect of molecular configuration and 

crystal packing on the colors of crystals of the different polymorphs, time dependent DFT 

(ωB97x) calculations were carried out on isolated molecules, dimers, stacks and small 

clusters cut from the crystal structures of the four polymorphs. The calculated color comes 

from several excitations and is affected by conformation and most intermolecular contacts 

within the crystal, with the color differences between polymorphs mainly being due to the 



differences in the π – π stacking. The visual differences between these related polymorphic 

systems make them particularly useful for studying polymorph behavior such as phase 

transitions and concomitant polymorph growth.  

 

INTRODUCTION 

Polymorphism is now an extensively studied phenomenon for its relevance in the 

manufacturing of specialty chemicals, such as pharmaceuticals, due to the many physical 

properties that may differ between crystal structures.1, 2 Any variation in color between 

polymorphs makes it particularly easy to spot polymorphic systems, which is why the ten 

polymorphs of ROY (5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile) are so 

often used to illustrate the phenomena of polymorphism and the challenges in characterizing 

large numbers of crystal structures.3-6  

Chalcones ((2E)-1,3-diphenylprop-2-en-1-ones) are naturally occurring compounds that are 

present in several organisms and show significant activity within them, so are a widely used 

scaffold in medicinal chemistry.7  They are used as antioxidants,8 anti-inflammatories,9 and 

show antibacterial properties10 to tackle infections such as stomach ulcers,11 and have been 

investigated as anti-cancer treatments for necrosis of cells,12 as well as prevention of cell 

division.13  A chalcone derivative has been investigated for inhibition of age-related 

osteoporosis,14 others as diabetes treatment drugs15 and asthma prevention.16 Agrochemical 

uses are the prevention of fungal/insect infestation,17 as well as for viral prevention.18  It is 

thought that the main active functional group of these compounds is the α,β unsaturated 

ketone.19 This functional region conjugates the two aromatic rings, the 1-ring and the 3-ring 

(Figure 1), of the molecule to allow electronic interactions that directly affect molecular 

conformation and color.  Indeed, the name chalcone comes from the tendency of the 

molecules to be colored, from the Greek word chalcos for bronze.20 Hence the chalcone core 



is a relatively large conjugated system that is a model for the properties of pharmaceuticals 

that are linked to the π system, in the way that pentacene is seen as the model system for 

organic opto-electronics.21-24 

As part of a systematic study of crystallographic packing, a wide range of substituted 

chalcones have been synthesized. In general, the addition of functional groups to chalcones 

results in crystals differing only marginally in color from the unsubstituted chalcone. 

However, the introduction of electron donating substituents, such as a dimethylamino- group, 

onto either ring of the chalcone results in clear optical changes. Here we report the structural 

solution of two polymorphic isomers (Figure 1) – 3’-dimethylamino-3-nitrochalcone 

(Gm8m) and 3’-dimethylamino-4-nitrochalcone (Gm8p) which, when recrystallized from 

acetone, both exhibit concomitant polymorphism of crystals differing in color and 

morphology.  

This system of four polymorphs exhibits colors ranging across the optical spectrum 

(Figure 2) and thus raises the questions as to the cause of such color polymorphism (also 

called crystallochromy).25, 26 The color of organic molecules, whether in solution or as 

crystals, arises from the light that does not get absorbed by the molecules, as only that light, 

be it through reflection or transmission, reaches the observer’s eyes. The absorption of light 

by molecules is the result of the excitation of electrons from occupied to unoccupied orbitals. 

The longest wavelength, lowest energy, excitation is especially relevant as any light with a 

longer wavelength will not be absorbed and contributes to the observed color. For example, a 

molecule with a longest wavelength excitation in the orange will likely appear red with all or 

most of the shorter wavelength light absorbed and only the red light completely reflected or 

transmitted.  

In the gas phase, the molecules are sufficiently separated that molecular absorption spectra 

can be predicted by calculations on an isolated molecule. In solution, the peaks of the 



spectrum will shift (solvatochromism) and buffeting of the molecules by the solvent leads to 

homogenous and inhomogeneous broadening, losing the sharp vibronic transitions seen for 

the isolated molecule in the gas phase. When the color of a solution depends on the solvent, 

this may reflect differences to the degree that the ground state and excited states of the 

molecules are stabilized by the solvent, but may also include charge transfer to solvent 

molecules, or different degrees of aggregation of the solute molecules. When going from 

solution to the solid-state, the absorption spectrum of a molecule can shift both due to 

changes in the conformation of the molecule induced by packing, and because of electronic 

interactions between close-packed molecules.27 

The variation in color of ROY and other polymorphic systems have been attributed to the 

differences in the conformation of the molecule and hence the π delocalisation.28-31 Similarly, 

differences in the position of the nitrogen lone pair relative to the aromatic rings were used to 

rationalize the color variations in the polymorphs of picrytoluidine.32 In contrast, in the case 

of rigid perylene derivatives,25, 26 which lack conformational degrees of freedom, the variation 

in color has been explained purely in terms of differences of crystal packing and π stacks, 

which are generally well defined in the crystals of such rigid molecules. The cause of color 

variations in polymorphs of cocrystals, when the crystals of the components are colorless, has 

been rationalized in terms of the different intermolecular interactions between the component 

molecules in the crystal structures.33, 34 

Hence, we report the preparation, crystal structures, relative stability and spectral properties 

of two pairs of polymorphs of chalcone isomers, and a limited polymorph screen. This 

experimental characterization is used to assess current methods of modelling organic 

polymorphs of two molecules whose charge distributions are very similar (Figure 1). In 

particular, we assess the extent to which current computational methods can account for the 



differences in the colors of the polymorphs, and how this relates to the challenges of 

modelling the properties of crystals of conjugated molecules. 

	

Figure 1. Molecular structure of Gm8m and Gm8p. The naming and labelling are from our 

ongoing work in generating a library of chalcone crystal structures. The flexibility of the 

molecules was characterized through torsion angles defined as Φ1: C4-C1-C2-C3, Φ2: C5-

C4-C1-C2, Φ3: C15-C10-C3-C2, Φ4: O2-N-C12-C11 (left). Electrostatic potential maps 

(B3LYP/6-311++G(2d,p)) were plotted on the 0.0004 SCF density surface for the optimized 

isolated molecules.   



	

Figure 2. Optical images of crystals of a) Gm8m – Y, b) Gm8m – O, c) Gm8p – R, d) Gm8p 

– B. All scale bars represent 1 mm. Insets show a powdered sample of each crystal. 

 

METHODS 

Synthesis of Functionalized Chalcones 

(E)-1-[3-(dimethylamino)phenyl]-3-(3-nitrophenyl)prop-2-en-1-one, or 3’-dimethylamino-3-

nitrochalcone (Gm8m) and (E)-1-[3-(dimethylamino)phenyl]-3-(4-nitrophenyl)prop-2-en-1-

one, or 3’dimethylamino-4-nitrochalcone (Gm8p) were synthesized via a base-catalyzed aldol 

condensation reaction between a nitro- substituted benzaldehyde and dimethylamino- 

substituted acetophenone (Supporting Information 1.1). The compounds were recrystallized 

from ethanol and analyzed via NMR (Supporting Information Figure 1-2). 

Preparation of Polymorphs 

Crystals of both polymorphs of Gm8m and Gm8p grew concomitantly via evaporation from 

40 mg.mL-1 solutions in acetone. Crystals large enough to analyze via single crystal X-ray 

diffraction (sc-XRD) were produced for Gm8m orange (Gm8m – O), Gm8p red (Gm8p – R) 

and Gm8p black (Gm8p – B). Crystals suitable for sc-XRD of the yellow polymorph of 

Gm8m (Gm8m – Y) were produced via slow evaporation of a 10 mg.mL-1 solution in ethanol. 

For the isolation of individual polymorphs, a solvent screen was carried out to find the 



optimal conditions for the individual growth of each polymorph (Supporting Information 

1.2).  

Single Crystal X-ray Diffraction 

Sc-XRD data for all samples were acquired using a Bruker Apex II CCD diffractometer using 

Mo Kα radiation (λ = 0.71073 Å). Intensities were integrated in SAINT35 and absorption 

corrections based on equivalent reflections were carried out using SADABS.36 Structural 

solution was carried out in Olex237 using Superflip38, 39 and refined in SHELXL.40 

Crystallographic data is shown in Supporting Information Table 9. Unless stated, diffraction 

data was collected at 100 K. 

 

 

Powder X-ray Diffraction 

Powder X-ray diffraction (p-XRD) data was collected using a Bruker D8 Advance 

diffractometer (Cu-Kα 1.5418 Å) with a PDS LynxEye Detector attachment. Samples were 

ground using pestle and mortar before measurements and placed on a low-background silicon 

wafer holder. Scans were taken over the 2θ range 5-50° at a rate of 0.75°.min-1 and compared 

to sc-XRD data simulated using Mercury.41  

UV-Vis Spectroscopy 

Solid-state and solution UV-Vis spectroscopy used a Perkin Elmer Lambda 650 spectroscope 

at room temperature. Solution based measurements were taken using 10 mm path length 

quartz cuvettes. Concentrations from 0.5-0.008 mg.mL-1 were analyzed, which were prepared 

consecutively by dilution. Dry solvents (>99%) were used in all cases. Solid-state diffuse 

reflectance measurements were carried out using a 60 mm integrating sphere attachment to 

the spectrometer. Solid samples were crushed with a pestle and mortar before being added to 



the sample holder. p-XRD was carried out on the crushed samples to confirm that no 

polymorphic transition had occurred during the preparation process. 

Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) was carried out using a TA Instruments Discovery 

DSC25. The cell was purged with N2 gas at a rate of 50 mL.min-1. Samples (2-10 mg) were 

weighed out and sealed in Tzero aluminum pans. Samples were run through heat-cool-heat 

cycles starting at 30°C, to temperatures at least 10°C above the melting endotherms observed. 

In general, the cooling ramps were down to 0°C, however for the observation of glass 

transitions of Gm8m, runs to -70°C were carried out. TRIOS software (version: 4.5.0.42498) 

was used for analysis of thermograms. Endothermic and exothermic transition onsets are 

reported at extrapolated onset, and glass transitions at the midpoint of the transition. Enthalpy 

values were calculated using a linear baseline. Temperature and cell constant calibrations 

were carried out using a certified indium standard (verification: Temperature = 156.6±0.5°C, 

Enthalpy = 28.72 J.g-1 ± 4%). 

Computational Modelling 

The electronic structure of pharmaceutical crystals is usually calculated using periodic 

density functional theory,42 employing the PBE functional and a variety of dispersion 

corrections. Although the PBE functional is known to be poor at describing delocalized 

systems,43, 44 including the conformations within some ROY polymorphs,3  GGA functionals 

like PBE are usually the most accessible method that can be used either for many hundreds of 

structures in a crystal structure prediction study, or to estimate the free energy by harmonic 

phonon calculations. Thus all four crystal structures were optimized in CASTEP45 using 

PBE46 with the TS dispersion correction.47 The lattice energies at these geometries were also 

calculated with a many-body dispersion correction MBD*,48 as well as Grimme’s D0249 and 

D0350 dispersion corrections. The harmonic phonons were calculated to estimate the free 



energy (Supporting Information 2.3). The diamagnetic susceptibility tensor was also 

calculated with CASTEP using PBE.51 However, this functional is known to be very poor for 

band gaps of insulators and semi-conductors52 and by extension their optical properties (as 

confirmed in Supporting Information 2.4). Therefore, a range-separated functional was used 

when calculating the optical properties (see below). 

As the ability to calculate optical properties is more developed in molecular than periodic 

quantum chemistry codes, and because we were interested to explore the difference between 

the optical properties of isolated molecules and the crystalline polymorphs, we used non-

periodic calculations to predict absorption spectra. Time dependent density functional theory 

(TD-DFT) calculations were performed using Gaussian0953 and Turbomole 7.4,54 the ωB97X 

density functional,55 the 6-31G(d,p) basis set56 and from six to thirty excited states, on 

isolated molecules and molecular clusters cut from the crystalline polymorphs. TD-DFT goes 

beyond the orbital energy difference approximation, where spectral features are assumed to 

arise from excitation of single electrons from occupied to unoccupied orbitals, such as the 

HOMO to LUMO, with everything else staying the same, and properly includes the full 

electronic relaxation resulting from exciting an electron. Use of range-separated functionals, 

such as ωB97X, is essential as they allow for a balanced treatment of local and charge-

transfer excited states, even if slightly blue-shifting the whole spectrum.57 In spectra 

calculated with a GGA functional, like PBE, the charge-transfer excited states would be 

spuriously stabilized resulting in the wrong ordering of excited states and a significant 

overestimation of the effect of stacking.58 The Turbomole TD-DFT calculations additionally 

made the resolution of the identity (RI) approximation, which was shown to have a negligible 

effect on the calculated spectra (Supporting Information 2.5.4.8). Calculations on isolated 

molecules with the larger 6-311++G(2d,p) basis-set, suggest that increasing the basis-set has 

only a small effect on the calculated spectra (Supporting Information 2.5.2). Molecular 



clusters were extracted from the crystal structures optimized with CASTEP using Mercury. 

UV-Vis spectra were produced from TD-DFT excitations by combining Gaussian functions 

with a full width at half-maximum of 0.3 eV, centered at each excitation energy, with peak 

area proportional to corresponding oscillator strength from TD-DFT calculations. In order to 

understand the nature of the transitions, molecular orbitals involved in the TD-DFT 

transitions were visualized using GaussView59 (Supporting Information Table 21). 

 

EXPERIMENTAL CHARACTERISATION 

Polymorphs of Gm8m and Gm8p 

The structures of Gm8m and Gm8p polymorphs were solved via sc-XRD, confirming the 

existence of at least two polymorphs of each molecule. Yellow needle-like crystals (Gm8m – 

Y) and orange block-like crystals (Gm8m – O) were isolated for Gm8m. Black block-like 

crystals (Gm8p – B), which appear dark red when ground into a powder, and red needle-like 

crystals (Gm8p – R) were used for structure solution, though red plate and block crystals 

were often in the samples (Supporting Information 1.2). A third orange polymorph of Gm8p 

was also isolated (Gm8p – O), however sc-XRD was not possible due to poor crystallinity of 

the sample. The structure of Gm8p – O was partially analyzed using a combination of 3D 

electron diffraction60  and crystal structure prediction, however an exact structural solution 

was not acquired (Supporting Information 1.6). Gm8m – Y showed a level of disorder within 

the structure (0.862:0.138 occupancies at 100 K) which increased with temperature, via a 

small twisting of the nitro-group (Supporting Information 1.4).  

For optical and thermal characterization, it was necessary to produce phase pure samples of 

each polymorph. For the isolation of individual polymorphs in quantifiable amounts, a 

polymorph screen was carried out using a variety of solvents, concentrations and magnetic 

fields. Calculations showed differences in the magnetic anisotropy of each polymorph of 



Gm8m and Gm8p (Supporting Information 2.6), which has been suggested to be the cause of 

polymorph selectivity for a selection of organic systems.51  However, the most effective 

method of isolating each polymorph was determined to be careful selection of solvent, 

concentration and crystallization vessel (Supporting Information 1.2). Isolation of each 

polymorph was determined via p-XRD and each system analyzed via UV-Vis spectroscopy, 

differential scanning calorimetry and low temperature p-XRD. 

 

Structural Motifs in Gm8m and Gm8p 

Despite the chemical diagram suggesting that both molecules will be planar, they adopt 

slightly different non-planar conformations in their polymorphs (Supporting Information 

Table 19). Even their ab initio optimized structures correspond to a non-planar molecule, 

which can be attributed to steric clashes between hydrogen atoms on C2 and the aromatic 

rings. 

Gm8m – O crystallizes in the triclinic space group P-1. Through a double 1-3 ring stacking 

motif (Figure 3a), the 1-ring of each molecule forms close contacts with the 3-ring of another 

molecule, which have complementary electrostatic charges (Figure 1). These dimers are then 

packed together through 1-ring stacking and 3-ring stacking motifs to form 2D sheets, and 

subsequently the 3D crystal through cyclic CH…O=C and CH…NO2 contacts (Figure 3b), and 

the cyclic CH…CH3 and 1D-chain motifs. The molecular packing in Gm8m – O allows all 

molecules to be nearly coplanar, in contrast to Gm8m – Y and Gm8p polymorphs. The 

complete set of packing motifs for Gm8m – O is shown in Supporting Information Table 23. 

Gm8m – Y crystallizes in the monoclinic space group P21/c. Rather than the fully stacked 

dimer as that in Gm8m – O, there is only a half-stacking motif in Gm8m – Y (Figure 3c), 

with each molecule offset (~ 5 Å) by translation along the long axis of the other molecule, 

forming 1D stacks. These 1D stacks then pack through tilted motifs into zigzagging 2D 



sheets, at an angle of 64° to each other, and eventually through cyclic CH…O=C and CH…NO2 

contacts to the 3D crystal (Figure 3d). The complete packing motifs for Gm8m – Y are 

shown in Supporting Information Table 22. The only packing similarity between Gm8m – Y 

and Gm8m – O are the cyclic CH…O=C and CH…NO2 motifs (Figure 3b and 3d), so only 3 

molecules out of a 15-molecule cluster can be overlaid (RMSD3 = 0.441Å) using the 

structural similarity tool in Mercury.61 

	

	

Figure 3. Packing motifs in Gm8m – O and Gm8m – Y (major component) with close 

contacts highlighted: a) the double 1-3 ring stacked dimer motif in Gm8m – O; b) cyclic 

CH…O=C and CH…NO2 motifs in Gm8m – O; c) half-stacking motif in Gm8m – Y; d) 

cyclic CH…O=C and CH…NO2 motifs in Gm8m – Y; e) 15-molecule overlay of Gm8m – Y 

(in green) and Gm8m – O (in orange), with the 3 overlaid molecules in thicker stick 

representation.  

Gm8p – R crystallizes in the monoclinic space group P21/n. The molecules pack into 

dimers with the double 1-3 ring-stacked motif (Figure 4a), but the “para” positions of the 

nitro groups means the dimer configuration is shifted along the short molecular axis relative 

to that in Gm8m – O. These dimers are linked via a cyclic NO2…CH3 motif to form 1D 

stacks (Figure 4a and c), which duplicate along the horizontal directions in Figure 4e into a 



coplanar 2D sheet and then pack with adjacent sheets into a zigzagging 3D structure (Figure 

4e). The zigzag appears along the short axis of the molecules, at an angle of 83°. The 

complete packing motifs for Gm8p – R are shown in Supporting Information Table 24. 

Gm8p – B crystallizes in the monoclinic space group P21/c. The double 1-3 ring stacked 

dimer in Gm8p – R is again present in Gm8p – B (Figure 4b). However the continued 

packing in the direction of the 1D stack is mediated by a modified cyclic NO2…CH3 motif, 

similar to that in Gm8p – R, but with larger ring overlaps between two adjacent dimers 

(Figure 4d). These 1D stacks form coplanar 2D sheets through translation along the long axis 

of the molecule, bringing the 1 and 3 rings of adjacent stacks side-by-side. Then 2D sheets 

interdigitate into the 3D structure with molecules in adjacent sheets lie in alternating 

molecular planes, at an angle of 62° (Figure 4f). The complete packing motifs for Gm8p – B 

are shown in Supporting Information Table 25. The packing of Gm8p – B and Gm8p – R can 

be seen as two alternative packings of the 1D stacks, which can either be translated along the 

short or the long axis of the molecules in the stacks (Figure 4e and f). The result is that 

between Gm8p – B and Gm8p – R, the only packing similarity is the 1D stack (Figure 4e 

and f), an overlay of 3 molecules out of a 15-molecule cluster. 

	



Figure 4. Packing motifs in Gm8p – R and Gm8p – B: a) the double 1-3 ring stacking motif 

in Gm8p – R and the cyclic NO2
…CH3 motif between two dimers; b) the double 1-3 ring 

stacking motif in Gm8p – B and the cyclic NO2
…CH3 motif between two dimers; c) side view 

of the cyclic NO2
…CH3 motif in Gm8p – R; d) side view of the modified cyclic NO2

…CH3 

motif in Gm8p – B; e) packing of 1D stacks to coplanar 2D sheets and then to Gm8p – R; f) 

packing of 1D stacks to coplanar 2D sheets and then to Gm8p – B. Different shades indicate 

molecules in 2D sheets are not coplanar. The molecules in ball-and-stick representation are 

the three molecules that are in common in an overlay of Gm8p – R and Gm8p – B (RMSD3 = 

0.598 Å).  

Among the four crystal structures, the double 1-3 ring stacking motif is only missing in the 

Gm8m – Y polymorph (Figure 5), whereas this is the most prominent π-π stacking motif in 

each of the other structures. 

 

	

Figure 5. Stacking dimers for Gm8m and Gm8p polymorphs, showing the most prominent π-

π stacking motif in each structure. See Supporting Information 2.5.3.3 for the definition of 

ARU labels of the molecules. 

Thermal Analysis 



To assess the thermodynamics of the four systems, differential scanning calorimetry 

measurements were carried out for each of the polymorphs of Gm8m and Gm8p (Figure 6, 

Supporting Information 1.7). Initially, thermographs were produced with ramp rates of 

5°C.min-1 and 10°C.min-1. In Gm8m – O an event involving an endotherm followed by an 

exotherm appears at 93°C, which precedes an endotherm at 120°C. As the thermogram of 

Gm8m – Y shows an endotherm at 122°C, it is likely that Gm8m – O transforms to Gm8m – 

Y on heating, and this endotherm is showing the melting of Gm8m – Y. Despite increasing 

the heating rate, the transformation at 93°C is sufficiently fast that it is impossible to 

determine whether this is a multi-stage transformation, or to measure the enthalpy of fusion 

of Gm8m – O. Therefore, we cannot deduce whether the two polymorphs are monotropically 

or enantiotropically related. Following the melt, Gm8m does not crystallize on cooling and 

instead forms an amorphous phase, as indicated by a glass transition at Tg = −3°C 

(Supporting Information Figure 17). 

In the thermogram of Gm8p – R, an endotherm appears at 152°C followed by a small 

exotherm with a further endotherm at 167°C. Gm8p – B shows only a single endothermic 

transition at 167°C. It is therefore likely that Gm8p – R is transforming to Gm8p – B, and the 

final endotherm in both cases is the melting of Gm8p – B. By assessing thermograms with 

higher ramp rates (20°C.min-1 – 50°C.min-1), the melting of Gm8p – R with less 

contamination from recrystallization could be measured. The heat of fusion for Gm8p – R 

and Gm8p – B  were measured at a ramp rate of 50°C.min-1 to be 93 J.g-1 and 116 J.g-1 

respectively, indicating from Burger’s rules62 that the system is monotropic, with Gm8p – B 

the more stable structure.	



	

Figure 6 Differential scanning calorimetry thermograms of Gm8m – O and Gm8m – Y (top) 

and Gm8p – R and Gm8p – B (Bottom). Inset shows an enlarged thermogram of the phase 

transition of Gm8m – O to Gm8m – Y, vertical axis units are J.g-1. The heating rate for 

Gm8m samples was 5°C.min-1 and 10°C.min-1 for Gm8p samples. 

Periodic DFT-D calculations (Supporting Information 2.1-2.3) show that Gm8m – O is the 

most stable at low temperatures by only 2-3 kJ.mol-1, but harmonic phonon calculations show 

that Gm8m – Y has a slightly higher entropy than Gm8m – O, so the relative free energy 

reduces with temperature. These calculations ignore the observed disorder and thermal 

expansion and the calculated differences are too small to determine whether the Gm8m 

polymorphs are monotropically or enantiotropically related. PBE-MBD* predicts a large 

difference in the lattice energy between Gm8p – R and Gm8p – B,  and all dispersion 

corrections have Gm8p – B being the more stable at low temperatures. Phonon calculations 

(Supporting Information Figure 29) show that the free energies would only become equal 

well above the melting point, correctly predicting the observed monotropic relationship.  

 Low temperature p-XRD data was collected to assess thermal behavior of all 

polymorphs down to 12 K, with changes in crystallographic cell parameters assessed by 



refining the powder patterns with the solved crystal structures using Reitveld refinement 

(Supporting Information 1.5). Gm8m – Y, Gm8m – O and Gm8p – R showed no indication 

of polymorphic change between 300 K and 12 K, apart from continuous thermal contraction 

and expansion of the cell axes across the whole temperature range.  In contrast, during the 

cooling and heating of Gm8p – B a rapid change in the diffraction peak positions was seen 

around 110-170 K, over a temperature range too small to represent thermal lattice 

contraction. This suggests a transition between a low temperature (LT) and a high 

temperature (HT) form of Gm8p – B (Supporting Information 1.5 and Supporting 

Information Figure 9), which will be referred to as Gm8p – BHT. To assess the differences in 

Gm8p – B crystal structures, before and after the p-XRD changes, sc-XRD was taken of the 

Gm8p – B polymorph at 100 K (Gm8p – B) and 240 K (Gm8p – BHT, Supporting Information 

Table 15), which show that the change in structure is subtle, with an RMSD20 = 0.533 Å 

(Supporting Information Figure 8).  Generated powder patterns from these structures matched 

well with the powder data taken above and below the transition. Ab-initio optimization of 

Gm8p – BHT resulted in the same lattice energy minimum as the low temperature form, 

indicating the HT form of Gm8p – B is thermally stabilized.  

 

CRYSTALLOCHROMY OF Gm8m & Gm8p 

UV-Vis Analysis 

The UV-Vis absorption of Gm8m and Gm8p polymorphs in the solid-state is analyzed via 

diffuse reflectance with the application of the Kubelka-Munk transformation.63 Figure 7 

shows a comparison of the absorption of the powdered samples, which show a clear change 

in the onset of absorption and a variable broadening of the high wavelength peak between the 

polymorphs. The absorption onset extracted using the Kubelka-Munk transformation varies 

from 2.45 eV to 2.11 eV between Gm8m – Y and Gm8p – B, as expected from the color of 



the crystals (Supporting Information 1.8.2). The solutions are pale yellow for Gm8m and a 

darker yellow/orange for Gm8p, with only small changes in UV-Vis wavelengths in different 

solvents varying in polarity (ethyl acetate, toluene, ethanol and chloroform, Supporting 

Information 1.8 and Figure 20). It was also observed that Gm8m – Y crystals are fluorescent 

upon UV illumination (Supporting Information 1.9). 

	

	

Figure 7. The UV-Vis absorption of powders of Gm8m and Gm8p polymorphs observed via 

the Kubelka-Munk transformation of measured diffuse reflectance. The baselines are offset 

for clarity. 

Cluster TD-DFT Calculations 

To account for the differences in color between the polymorphs of Gm8m and Gm8p (Figure 

2 and Figure 7), we performed TD-DFT (ωB97x) calculations of the absorption spectra of 

isolated molecules, dimers, stacks and small clusters cut from the four crystal structures. 

The variations in conformation between the molecules in the different polymorphs make 

very little difference to the delocalized orbitals (Supporting Information 2.5.2), and the TD-



DFT calculated UV-Vis spectra of the monomers in the Gm8m and Gm8p polymorphs only 

red-shift slightly compared to the isolated molecules and to a similar extent (Figure 8), 

(Supporting Information Figure 31). The HOMO-1 – LUMO transition is much stronger than 

the HOMO-LUMO transition and varies more between Gm8m and Gm8p as it has more 

density on the NO2 groups (Supporting Information Table 21) and so conformational changes 

cannot account for the color difference between the pairs of polymorphs. However, there are 

considerable red-shifts of the spectrum when the chalcone molecules form a double 1-3 ring 

dimer motif (Figure 8 and Supporting Information 2.5.3), existing in Gm8m – O, Gm8p – B 

and Gm8p – R (Figure 5), but not in Gm8m – Y. In contrast, the only π-stacking motif in 

Gm8m – Y (Figure 3c), was found to blue-shift the absorption. Further investigations of 

larger stacks of the most red-shifting motifs in the polymorphs, and 15-molecule clusters 

(Figure 8) show that both Gm8m – O and Gm8p – B benefit from a cumulative effect in 

which the red-shifts were enhanced by the stacking of the most red-shifting dimer motif, 

while in Gm8p – R this cumulative effect does not exist. Thus, the significant difference in 

color for the pair of polymorphs of Gm8m arises from the double 1-3 ring stacking motif in 

the orange polymorph, further enhanced by a cumulative effect. In the pair of Gm8p 

polymorphs, the color difference is largely the result of the absence of the cumulative effect 

in Gm8p – R. 

	



	 	

Figure 8. The calculated UV-Vis spectra of Gm8m and Gm8p polymorphs showing the 

effects of molecular conformation (dotted lines), dimerization (dash lines), 15-molecular 

clusters (Gm8m only, dash-dotted lines) and stacks of strongest red-shifting dimer motifs 

(solid lines). See Supporting Information 2.5 for details of TD-DFT calculations. 

 

DISCUSSION 

We have found and structurally characterized two polymorphs of two isomers of 

dimethylamino-nitro chalcone. The meta-nitro isomer crystallizes as an orange (Gm8m – O) 

or yellow polymorph (Gm8m – Y), and sometimes a concomitant mixture, depending on 

solvent and the container used for the ambient crystallization (Supporting Information 1.2). 

Gm8m – Y shows significant dynamic disorder in the position of the NO2 group, increasing 

at higher temperatures. The para-nitro isomer predominantly crystallized in the red 

polymorph (Gm8p – R), with either a needle, plate or block morphology, but a black 

polymorph (Gm8p – B) has been obtained from acetone and toluene, sometimes 

concomitantly. Low temperature p-XRD highlighted a rapid change in the p-XRD pattern of 

Gm8p – B around 110 K, but as the high and low temperature structures are very similar 

(Supporting Information Table 15),  corresponding to the same lattice energy minimum, it is 

debatable whether this should be classified as a polymorph.64 Further study could determine 



whether the discontinuity in lattice parameters (Supporting Information Figure 9) correlates 

with a change in the dynamical motion of the molecules. A third sample of Gm8p has been 

observed (Supporting Information 1.2 and Table 3), which is orange in color, but only 

samples of low crystallinity have been obtained, with 3D electron diffraction (ED)60 allowing 

an estimate of two different sets of cell parameters (Supporting Information 1.6). The 

combination of p-XRD and electron diffraction with a limited crystal structure prediction 

study65, 66 (Supporting Information 1.6), suggests that the orange sample contains crystals that 

are based on a stacking motif similar to that seen in Gm8p – B. Figure 9 summarizes the 

solid form landscape established so far. The color of the crystals considerably aids the 

detection of polymorphism, but the extent of screening for polymorphs performed is only a 

start on what would be involved in an industrial polymorph screen.67-69 However, these new 

systems already show the experimental challenges of characterizing these polymorphic 

systems.  

 



 

Figure 9 Experimental solid form landscape of Gm8m and Gm8p, summarizing the forms 

discovered by solvent screen and interconversion revealed through DSC and low temperature 

p-XRD.  

 

Phase pure crystallization of these molecules is difficult as the crystal form produced from 

evaporative growth is highly sensitive to changes in solvent, concentration and crystallization 

vessel (Supporting Information 1.2). Concomitant crystallization is often observed, and even 

solvent evaporative crystallization has not always equilibrated to a phase pure sample. This 

suggests that both pairs of polymorphs are close in thermodynamic stability around ambient, 

and kinetic factors are important in determining which polymorph is seen. 

Experiments show a monotropic relationship between Gm8p – B and Gm8p – R with 

Gm8p – B being the more stable, but there is a change to a lower energy form below 110K 

that is so subtle that it cannot be modelled by lattice energy minimization.  The 



thermodynamic relationship between Gm8m – Y and Gm8m – O cannot be determined by 

our DSC measurements, and further experiments utilizing concurrent synchrotron p-XRD-

DSC70 are needed to determine the mechanism of the transformation.  There is clearly a 

barrier to this solid-state transformation. Computationally, the standard periodic DFT-D 

calculations with the usual PBE functional confirm that Gm8m – O and Gm8p – B are the 

more stable forms at low temperature, though this result may be affected by the 

delocalization error in the PBE functional.43  Calculations of the harmonic phonon spectra of 

the polymorphs show that the free energy differences reduce with increasing temperature. 

However Gm8m – Y shows considerable anisotropy in the thermal expansion (Supporting 

Information Table 14) and so it is likely that the differences in thermal expansion of the 

polymorphs will affect the calculations of the relative stability.71 The temperature dependent 

disorder in Gm8m – Y (Supporting Information 1.4) will also stabilize it, and is not included 

in current computational models.  

The observation of different morphologies of Gm8p – R in different solvents (Supporting 

Information 1.2) emphasize the role of variable growth kinetics in the crystallization of 

Gm8p, and show that improvements on the simple predictions of morphology based on 

interplanar spacings72 (Supporting Information Figures 58 and 59) would need to include the 

solvent.73, 74  

A kinetic barrier for solid-state transformation between the polymorphs arises from the 

substantial differences in their crystal packing, which is suggested by the differences in color 

that reflect the different close contact dimers (Supporting Information 2.5.3). We have been 

able to account for the color differences in terms of the contributions of different dimers and 

then larger stacks of molecules within the crystal, with almost all the nearest neighbor 

molecules within the crystals producing some change to the solid-state spectrum (Supporting 

Information 2.5.3.4). Furthermore, the calculated spectra can shift significantly when certain 



dimer interactions are extended into larger stacks (Supporting Information 2.5.4). The color 

differences are not caused by these structures being conformational polymorphs, though this 

would also generally be associated with a kinetic barrier to a solid-state transformation.75 

These polymorphs show the challenges in predicting the optical properties of organic 

crystals. We were not able to afford the TD-DFT calculations of a cluster containing all the 

contact dimer interactions for Gm8p – B, and it was challenging to do those on the 15 

molecule clusters for Gm8m polymorphs (Supporting Information 2.5.4.3). Hence, 

converging cluster and stack calculations is not a practical strategy for quantitative prediction 

of the UV-Vis spectra of large flexible organic crystals. This will require the use of periodic 

TD-DFT calculations with an adequate functional, such as ωB97x, which is, as far as we are 

aware, not yet implemented in any code.  

The reported properties of these sets of polymorphs highlight the challenges in predicting 

all the properties of pharmaceutical polymorphs from the crystal structure, and hence in 

computationally quantifying the inter-relationship between structure, properties, processing 

and performance of a pharmaceutical product.76   

 

CONCLUSION  

The meta- and para-nitro isomers of dimethylamino-nitro chalcone (Gm8m and Gm8p) 

exhibit crystallochromy and the corresponding crystal structures have been determined, along 

with their corresponding UV-Vis spectra. The limited polymorph solvent crystallization 

screen shows a complex dependence of the polymorph and morphology on the solvent and 

crystallization vessel, with both systems being capable of showing concomitant 

crystallization. The polymorphic phase transitions are kinetically hindered, making it difficult 

to establish the thermodynamic relationship between Gm8m – O and Gm8m – Y 

experimentally. There is evidence of a third polymorph of Gm8p, which has been partially 



structurally characterized using the complimentary techniques of 3D electron diffraction and 

crystal structure prediction.  

We have shown that the trends in the colors of the crystals can be explained by TD-DFT 

calculations on dimers, stacks and clusters, but that the complex balance of these 

contributions means that quantitative predictions of the absorption spectra of pharmaceutical 

crystals are not possible with currently available computational chemistry methods. 

Concomitant polymorphism and solid-state transitions have been observed in both Gm8m 

and Gm8p, underlining the importance of the interplay between kinetics and thermodynamics 

in polymorphic systems. Thus, this is a valuable model polymorphic system for investigation 

of the relationship between crystal structures and their physical properties, thermodynamic 

and kinetic stability, particularly because of the ease of polymorph identification provided by 

the conveniently distinguishable colors.   
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Color Differences Highlight Concomitant Polymorphism of Chalcones 

Charlie L. Hall1, Rui Guo2, Jason Potticary1, Matthew E. Cremeens3, Stephen D. Warren3, 
Iryna Andrusenko4, Mauro Gemmi4, Martijn A. Zwijnenburg2, Hazel A. Sparkes1, Natalie E. 
Pridmore1, Sarah L. Price2, Simon R. Hall1* 

	

The meta- and para- nitro isomers of (E)-3’-dimethylamino-nitrochalcone are shown to 
exhibit concomitant color polymorphism, with crystals varying in colour across the optical 
spectrum. To assess the effect of molecular configuration and crystal packing on the colors of 
crystals, time dependent DFT calculations were carried out on a variety of small clusters cut 
from the crystal structures of the four polymorphs.  


