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Abstract 

Curcumin has two main tautomeric forms: enol and diketone, which 

lead to different crystal packing and intermolecular interactions. A 

comparative Hirshfeld surface analysis was conducted using the 

crystal structures of enol (CCDC 636155) and diketone (CCDC 

1111255) to compare intermolecular interactions forming crystal 

stability. In the enol form, H···H (41.1%), C···H (25.3%), and O···H 

(25.2%) interactions predominantly stabilize the crystal, while C···C 

(51.4%) and O···C (29.9%) interactions stabilize the crystal of the 

diketone form. This shows that keto-enol tautomerism plays a 

significant role in intermolecular interactions and crystal packing in 

curcumin. The results also show the impact on the relationship of the 

molecular structure of curcumin on the solid state and its 

polymorphic behavior. 

 

 

 

 

 

Introduction 

Curcumin undergoes keto-enol tautomerism: two structurally different tautomers, enol and diketo (keto) exist in 

the equilibrium.[1-3] The environment (pH, temperature, solid state, solvent polarity) alters the equilibrium of 

either tautomer.[4-6] Crystalline tautomers will have different molecular conformations and packing, thus, 

different intermolecular interactions which define their stability and their tauto-derivative physicochemical 

properties.[7-10] The enol tautomer is stabilized by an intramolecular hydrogen bond and extends the 

conjugation throughout the crystal lattice.[11-13] The lack of internal hydrogen bond in the uncovered diketo 

tautomer forces stability to rely on intermolecular interactions.  

Hirshfeld surface analysis adds a new dimension to crystallography by enabling the investigator to visualize and 

evaluate the strength and type of intermolecular contacts present in the crystal. It utilizes the crystal electron 

density partitioned by fingerprint plots to estimate the contributions of atom…atom contacts to the crystal 
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packing. This could include H…H, C…O, C…C, O…O, and many other contacts. The results show the major 

forces involved in the packing of the molecules and allows the investigator to make comparisons between 

different crystal forms. 

In this study, Hirshfeld surface fingerprint plots were used to study and compare the different intermolecular 

interactions of the enol (CCDC 636155) and diketo (CCDC 1111255) forms of curcumin.[14] The results showed 

the major intermolecular interactions and the interaction contributions which helped to identify the contacts that 

are responsible for the stability of the two forms. Comparing these patterns of interaction helped to visualize the 

effect that tautomerism has on intermolecular packing, molecular recognition, and the contribution of different 

interactions. This can provide the information needed to relate the solid-state characteristics of curcumin with 

its potential pharmaceutical activity and polymorphism and with its solid-state stability. 

 

Figure 01: Keto-Enol forms of Curcumin 

Materials and Methods 

The enol and diketo crystal structures of curcumin were accessed through the CSD with CCDC deposit numbers 

636155 (enol) and 1111255 (diketo). Hirshfeld surface analysis and two (2) dimensional fingerprint plots were 

produced and analyzed using the CrystalExplorer software.[15] The Hirshfeld surfaces were mapped over 

normalized contact distance (dnorm) to depict the significant intermolecular interactions within a crystal 

structure.[16, 17] The corresponding 2D fingerprint plots were examined to determine the percentage of various 

intermolecular contacts such as H···H, C···H/H···C, O···H/H···O, C···C, O···C/C···O, and O···O 

interactions.[18-20] These contacts were analyzed and compared between the two forms of curcumin to 

determine the effect of the keto-enol tautomerism on crystal packing and the nature and pattern of intermolecular 

interactions.[21-23] 

Result and Discussion 

The differences in the molecular packing and intermolecular interactions of curcumin’s enol vs diketo (keto) 

polymorphs are illustrated in the contributions of the Hirshfeld surface fingerprints (Figure 01). The differences 

result from the variations in the hydrogen bonding and the conformational flexibility of the two tautomers. The 

enol (CCDC 636155) form has an intramolecular O–H···O hydrogen bond that results in a molecular structure 

that is almost planar. The diketo (keto) form (CCDC 1111255) does not have this bond and relies on 

intermolecular hydrogen bonds to stabilize the structure of the crystal. The Hirshfeld surface analysis of the two 

forms reflects different molecular packing of the two crystals by showing different distributions of the 

intermolecular interactions. 

The enol form shown in Figure 02 has the largest proportion of the Hirshfeld surface (41.1%) due to H···H 

interactions, suggesting that van der Waals interactions of hydrogen atoms dominate the crystal packing. The 
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presence of intramolecular hydrogen bonds, and the close packing of the aromatic and methoxy groups, resulted 

in a large number of hydrogen atoms in neighboring cells approaching one another in van der Waals distances. 

The large number of H···H interactions and intramolecular hydrogen bonds suggests that the enol crystal form 

has efficient molecular packing, and this was achieved by many weak van der Waals interactions. 

 

Figure 02: Comparative Hirshfeld surface analysis of the enol (CCDC 636155) and keto (CCDC 1111255) 

polymorphs. (a) and (h) Hirshfeld surfaces of the enol and keto forms, respectively; corresponding two-

dimensional fingerprint plots showing the percentage contributions of intermolecular contacts for the enol form: 

(b) H···H (41.1%), (c) C···H/H···C (25.3%), (d) O···H/H···O (25.2%), (e) C···C (5.2%), (f) O···C/C···O 

(2.0%), and (g) O···O (1.2%) intermolecular interactions. 

 

The second and third largest contributions in the enol form are almost equally attributed to C···H (25.3%) and 

O···H (25.2%) interactions. Though C···H contribution is majorly attributed to C–H···π and weak hydrogen 

bonding of curcumin’s aromatic rings, it is important in stabilizing the adjacent aromatic rings of curcumin in 

the presence of hydrogen and electron-rich carbon. The O···H also shows that the oxygen of the hydroxyl, 

methoxy, and carbonyl groups are weakly and hydrogen bonded with other molecules. Since one hydroxyl 

proton is bonded with an intramolecular and strong O–H···O hydrogen bond of the enol form, the intramolecular 

O···H hydrogen bond and C···H contact contributions are balanced. 
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The enol form shows a limited interaction of C···C (5.2%) indicating a limited π···π stacking between 

neighboring aromatic rings. The enol form also has a planar and conjugated backbone that could be favorable 

for π stacking. Given the current offsets in the arrangements, the crystal packing of curcumin also prefers 

dispersion and less engagement of the aromatic rings. C···O (2.0%) and O···O (1.2%) interactions also suggest 

that direct contact with oxygen are scarce and weak and form the least stabilizing interactions in the crystal 

structure.  O···O interactions are also limited due to the electrostatic repulsion of the O-rich structures. 

The Hirshfeld function for the diketo form gives different interactions, seen in Figure 03. The largest contribution 

is C···C interactions, which cover 51.4% of the Hirshfeld surface. This is a large fraction, showing that carbon-

based interactions, and more specifically, the π···π interactions of the carbon frameworks and aromatic rings, 

are the main stabilizing features of the crystal structure. Because of the missing stabilizing intramolecular 

hydrogen bond of the enol form, molecules in this form pack more closely and allow for greater flexibility of 

the entire structure and more aromatic systems, which increases the intensity of the carbon-based intermolecular 

interactions. The intensity of the C···C interactions clearly shows that there is extended aromatic stacking and 

an optimal overlap of the molecular systems. 

 

Figure 03: Hirshfeld surface analysis of the keto crystal structure (CCDC 1111255): (a) Hirshfeld surface 

showing the intermolecular contacts; corresponding two-dimensional fingerprint plots depicting the percentage 
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contributions from (b) C···C (51.4%), (c) O···C/C···O (29.9%), (d) O···H/H···O (9.4%), (e) C···H/H···C 

(4.7%), (f) O···O (4.0%), and (g) H···H (0.4%) intermolecular interactions. 

 

The second largest contribution in the diketo form is O···C interactions, which are larger than those previously 

mentioned for the enol structure. These interactions are the result of the available carbonyl oxygen atoms making 

close contacts with aromatic or carbon-containing systems that are highly accessible in the diketo form. In the 

diketo form, the carbonyl oxygen atoms are free and do not participate in an intramolecular hydrogen bond, and 

are thus available to form a large number of intermolecular interactions. The O···C interactions further indicate 

that the carbonyl groups have dipolar interactions, and this is an important feature of the diketo form. 

The amount of O…H contribution goes from a very high percentage of 25.2% for enols to only about 9.4% for 

diketo so that classical hydrogen bonding between oxygen atoms plays a very small role in stabilizing the diketo 

crystal. There are not as many hydrogen bonds between the two molecule crystals, which indicate that the 

stability of the diketo crystal and the molecules in it are mostly determined by phenyl stacking and other 

molecular interactions with carbonyls. The contribution of C...H to the diketo crystal is also much smaller, at 

4.7%, than with the enol form. Therefore, weak C-H…π interactions have been replaced by the stronger C…C 

and the carbon-carbon interaction patterns that make up the diketo crystal than by those in the enol crystal. These 

reductions of hydrogen mediated interactions correspond with the abundance of conjugated carbon connections 

present in the diketo form and therefore validates that hydrogen mediated interactions between the two molecule 

crystals have greatly decreased in the diketo crystal as compared to in the enol. 

The contribution from O…O increases from 1.2% in the enol form, to 4.0% in the diketo form, which shows 

that there are more frequent occurrences of close O…O approaches. Despite being small, the increase in this 

interaction is presumably due to the presence of two exposed carbonyl oxygens in the diketo tautomer that 

contribute to the overall packing arrangement of the molecules, despite O…O interactions being inherently 

electrostatically repulsive. In contrast, the number of H…H contacts decrease significantly from 41.1% in the 

enol form to just 0.4% in the diketo form, showing that hydrogen-hydrogen dispersive interactions have 

negligible contribution to the crystal stability of diketo. Such significant differences in number illustrate the 

fundamentally different packing mechanisms of the two tautomers. 

Curcumin exhibits disparate intermolecular interaction profiles based on the nature of its enol and diketone 

forms, as demonstrated by the Hirshfeld surface analyses. In the enol polymorph, van der Waals type H/ H 

interactions are the strongest and are complemented by balanced C…H and O…H interactions; therefore, there 

are many dispersive interactions and moderate hydrogen bonding among a rigid, intramolecularly hydrogen 

bonded framework. In contrast, the diketogenic form has largely C…C and O…C interactions, indicating that 

aromatic stacking and multiple carbonyl interactions accommodate the majority of crystalline packing. Thus, 

the difference in intermolecular contacts between the two tautomers will greatly impact their intermolecular 

interactions, packing efficiency within the crystal lattice and, consequently, the solid-state stability and 

physical/chemical properties of curcumin due to their different intermolecular interactions. The Hirshfeld 

surface conclusion clearly indicates that the chemical basis for the stabilisation of the enol analogue arises 

predominantly from dispersion and hydrogen bonding and that the stabilisation of the diketone form arises 

principally from π-stacking and multiple carbonyl-type intermolecular contacts. 
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Conclusion 

The Hirshfeld surface analyses of the two tautomeric forms of curcumin show that keto-enol tautomerism has a 

major impact on the intermolecular interactions and crystal packing. For the enol (CCDC 636155), the 

predominant intermolecular interactions involve H...H, C...H, and O...H contacts, indicating that van der Waals 

forces and hydrogen bonding play important roles in stabilizing the enol form of curcumin. Conversely, for the 

diketo form (CCDC 1111255), the main stabilizing intermolecular interactions involve C...C and O...C contacts, 

indicating a greater amount of π-π stacking and interactions that involve carbonyl moieties in this tautomeric 

form of curcumin. The data demonstrate that tautomerism is critical in determining curcumin's solid-state 

structure and stability, providing a framework for further studies of curcumin crystal engineering and potential 

pharmaceutical usage. 
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