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a b s t r a c t 

The SCXRD structure of the natural dietary compound pterostilbene (trans-3,5-dimethoxy-4- 

hydroxystilbene) and phenanthroline (1,10-phenanthroline) cocrystal is reported herein. In the solid 

state the cocrystal forms several H-bonded and C –H ···π supramolecular synthons that have been 

analyzed by DFT calculations, with a particular focus on the parallel face-to-face stacking of the phenan- 

throline rings, a relevant and quite unusual feature (antiparallel displaced mode is more common). 

Cooperativity effects between H-bonding and aromatic interactions have been studied to rationalize 

the formation of this unusual π-stacking mode and the supramolecular assemblies have been further 

analyzed using several computational techniques, i.e., molecular electrostatic potential (MEP) surfaces 

and the quantum theory of “atom-in-molecules” (QTAIM) combined with reduced density gradient (RDG) 

plots. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Multicomponent crystal forms of nutraceutical and pharmaceu- 

ical ingredients have attracted the attention of researchers from 

oth academic and industrial areas because the originally promis- 

ng properties envisioned by the pioneering work of renowned 

rystal engineers have become today real [1] . The huge corpus of 

rystallographic data that hundreds of cocrystals have generated 

as allowed to understand better how two or more different com- 

ounds pack together in a single solid phase through a rich com- 

ination of weak intermolecular interactions [2] . However, there is 

till the need for a deeper understanding of such forces in order 

o, on the one hand predict the formation of cocrystals, and on 

he other hand their structural features. In this sense, aromatic in- 

eractions [3] , present ubiquitously in organic crystalline materials, 

lthough much weaker than hydrogen bonds (mostly used for the 

ngineering of new cocrystals) are capable of driving the forma- 

ion of a particular packing pattern [4] and at the same time be 

nfluenced by the presence of other forces in the crystal [5] . 
∗ Corresponding author at: Unitat de Polimorfisme i Calorimetria, Centres Cien- 

ífics i Tecnològics, Universitat de Barcelona, Baldiri Reixac 10, 08028 Barcelona, 

pain. 
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alears, Crta. de Valldemossa km 7.5, 07122 Palma, Spain. 
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In this work, we have computational and crystallographically 

nalyzed a new cocrystal formed by pterostilbene and phenanthro- 

ine ( Fig. 1 ) and studied the interplay of aromatic interactions and 

ydrogen bonds related to the parallel orientation of the molec- 

lar dipoles shown by the phenanthroline molecules. In the solid 

tate, both molecules are connected via OH ···N H-bonds and CH ···π
nteractions. Moreover, the solid state architecture of the cocrys- 

al shows an almost perfect face-to-face parallel stacking of the 

henanthroline rings. Such binding mode is not common, since 

he antiparallel orientation of the molecular dipoles is energetically 

avoured with respect to the parallel orientation, as demonstrated 

efore. The assemblies observed in the solid state have been stud- 

ed using density functional theory (DFT) calculations in combina- 

ion with molecular electrostatic potential (MEP) surfaces, nonco- 

alent interaction plot (NCIPlot) and the quantum theory of “atom- 

n-molecules” (QTAIM) focusing on the H-bonding, π-stacking, and 

H ···π interactions. 

. Experimental section 

.1. Materials 

Phenanthroline was purchased from Sigma-Aldrich and used 

ithout further purification. Pterostilbene was purchased from 

ynveo and purified following the procedure described in refer- 

nce [6] . Single crystals suitable for SXCRD analysis was obtained 
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Fig. 1. ORTEP representation of the asymmetric unit of the pterostilbene/ 

phenanthroline cocrystal. 

Table 1 

Crystal data of the pterostilbene/phenanthroline cocrystal. 

Crystal form Pterostilbene:Phenanthroline 

Empirical formula C 28 H 24 N 2 O 3 

Formula weight 436.49 

Temperature (K) 100(2) 

Crystal system Monoclinic 

Space group C 2/ c 

a ( ̊A) 25.0336(10) 

b ( ̊A 10.0532(4) 

c ( ̊A) 18.3403(6) 

α ( °) 90 

β ( °) 105.492(2) 

γ ( °) 90 

Volume ( ̊A 3 ) 4448.0(3) 

Z 8 

Density (calc. (Mg/m 

3 ) 1.304 

Final R indices [ I > 2 σ (I)] R1 = 0.0433, wR2 = 0.1072 

CCDC 2,214,987 
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s follows. Pterostilbene (50 mg, 0.195 mmol) and phenanthroline 

35.5 mg, 0.196 mmol) were dissolved together in methyl isobutyl 

etone (0.3 mL) at 25 °C and stored sealed. Single crystals were 

bserved after 7 days. 

.2. X-Ray data collection 

Single crystal X-ray diffraction (SCXRD) intensity data of the 

terostilbene/phenanthroline cocrystal was collected using a D8 

enture system equipped with a multilayer monochromator and 

 Mo microfocus ( λ = 0.71073 Å). Frames were integrated with the 

ruker SAINT software package using a SAINT algorithm. Data were 

orrected for absorption effects using the multi-scan method (SAD- 

BS) [7] . The structure was solved and refined using the Bruker 

HELXTL Software Package, a computer program for automatic so- 

ution of crystal structures and refined by full-matrix least-squares 

ethod with ShelXle Version 4.8.0, a Qt graphical user interface 

or SHELXL computer program [8] . Table 1 contains the crystallo- 

raphic data for the structure. 

.3. DFT calculations 

The density functional theory study of the supramolecular syn- 

hons observed in the solid state of the pterostilbene /phenanthro- 

ine cocrystal was done using the Gaussian-16 [9] program and the 

BE0-D3/def2-TZVP level of theory [ 10 , 11 ]. The interaction energies 

f the assemblies were estimated by calculating the difference be- 

ween the absolute energies of isolated monomers and their as- 

embly. In this manuscript, the BSSE (basis set superposition error) 

orrection was considered and, consequently, the reported interac- 
2

ion energies were corrected using the Boys-Bernardi [12] method- 

logy. This level of theory has been chosen because previous stud- 

es have demonstrated its suitability to describe the noncovalent 

nteractions described herein [13–16] . Further characterization of 

he noncovalent contacts observed in the pterostilbene /phenan- 

hroline cocrystal was performed by using the Bader’s "Atoms in 

olecules" theory (QTAIM) [17] . These calculations were carried 

ut using the AIMAII calculation package [18] . The noncovalent in- 

eraction plot (NCIplot) [19] by means of plotting the reduced den- 

ity gradient (RGD) isosurfaces has been used to reveal the non- 

ovalent interactions in real space. The MEP surface plots were 

enerated using the Gaussian-16 software [9] and the 0.001 a.u. 

sovalue for the density as a best estimate of the van der Waals 

nvelop. 

. Results and discussion 

.1. Structural description 

A colorless prism single crystals of the pterostil- 

ene/phenantroline cocrystal suitable for SXRD analysis were 

btained in methyl isobutyl ketone. The crystal structure reveals 

 monoclinic cell in the C 2/ c space group with one molecule 

f each component in the asymmetric unit (Z’ = 1, Z = 8). The 

symmetric unit with ORTEP representation is shown in Fig. 1 and 

he crystallographic data and structural refinements details are 

ummarized in Table 1 . 

We have determined the Hirshfeld surfaces [20] and the associ- 

ted fingerprint plot [ 21 , 22 ] of each molecule by using the Crystal

xplorer software [23] ( Fig. 2 ) and their analysis reveal that ex- 

ected strong H-bonds between the phenol OH and the nitrogen 

toms of phenanthroline are formed together with a relevant con- 

ribution of aromatic interactions ( π-stacking and CH ··· π , detected 

s C ···C and C ···H contacts on the fingerprint plot). 

The most relevant structural feature is that the three aromatic 

ings of the phenanthroline molecules are face-to-face stacked in a 

ipole-dipole parallel orientation with all distances between cen- 

roids equal to 3.7 Angstroms ( Fig. 3 ). These contacts count for the 

0.1% of the contacts for the phenanthroline molecule in the fin- 

erprint plot. 

In order to analyze the trend of phenanthroline to establish 

-stacking interactions in the solid state we have conducted a 

earch in the CSD (version 5.41, November 2019) using ConQuest 

.0.2. Certain restrictions were applied during the search, thus only 

tructures with 3D coordinates determined were included, the R 

actor was set to be less than 10%, structures with disorder and er- 

ors, as well as polymeric, organometallic and powder structures 

ere excluded from the analysis. 178 crystal structures containing 

henanthroline in a non-protonated form were found under these 

estrictions and we applied a qualitative criterion for a rough esti- 

ate of the stacking tendency. As we were only interested in de- 

ecting the trend and not in a genuine statistical analysis, visual in- 

pection of the phenanthroline molecules was followed to label as 

tacked those structures with a partial horizontal overlap of aro- 

atic surfaces and non-stacked otherwise. Moreover, the parallel 

r antiparallel orientation was also assessed qualitatively by visual 

nspection. ESI section contains a table with this assessment, which 

eveals that the antiparallel orientation of dipoles in phenanthro- 

ine is the preferred one (56%), with a non-negligible number 

f structures not showing staked assemblies (25%) and only 20% 

f the structures showing parallel orientation, as expected since 

ipoles maximize the interaction energy if anti-paralleled oriented 

ecause according to electrostatic theory, which states that the in- 

eraction energy of two parallel dipoles should be proportional to 

he magnitude of their dipole moment vectors and the cosine of 

heir vector angles [24] . Thus, in order to get deeper insight into 
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Fig. 2. (a, c) Hirshfeld surfaces mapped with d norm (a, c) and Fingerprint plots computed from Hirshfeld surfaces (b, d) for phenanthroline and pterostilbene molecules 

respectively. Each type of contact is highlighted in colours on the corresponding regions of the Hirshfeld surfaces and their surface area contribution (%) of intermolecular 

contacts are also represented. 

Fig. 3. ( a) Distances between centroids in the phenanthroline parallel assembly. 

Centroids distances in Å. (b) Representation of the phenanthroline face-to-face 

stacking in a zenith view. 
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he forces responsible for stabilizing the unstable parallel stacking 

e have devoted the main part of this work to the computational 

nalysis of the energetics associated to the main intermolecular in- 

eractions in the cocrystal. 

.2. DFT calculations of the supramolecular assemblies 

The DFT study of supramolecular assemblies is essentially fo- 

used on the parallel face-to-face stacking of the phenanthroline 

ings shown in Fig. 4 and the influence of the appended pterostil- 

ene molecules on the π-stacking. In particular, two pterostilbene 

olecules form strong OH ···N bonds with the phenanthroline π- 

tacked dimer and the other two form CH 3 ···π interactions. Such 

ontacts likely reinforce the parallel π-stacking interaction, as an- 

lyzed in the following sections. 
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Fig. 4. Partial view of the cocrystal showing the π-staked dimer of phenanthroline and four appended pterostilbene molecules via hydrogen bonds and CH ···π interactions. 

Fig. 5. MEP surfaces of phenanthroline (a) and pterostilbene (b) at the PBE0-D3/def2-TZVP level of theory (density isovalue 0.001 a.u.). MEP energies in kcal/mol. 
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.2.1. MEP study 

Initially, the MEP surface plots of the coformers were repre- 

ented (see Fig. 5 ) to investigate the most nucleophillic and elec- 

rophilic parts of the molecules and rationalize the interactions 

epresented in Fig. 4 . For phenanthroline ( Fig. 5a ), the MEP min-

mum (–57.1 kcal/mol) is located at the region under the influ- 

nce of both N-atoms, as expected. The MEP values are also nega- 

ive over the aromatic rings (–5.0 kcal/mol over the central ring 

nd –6.9 kcal/mol over the other two). Such small MEP values 

xplain the strong ability to stack, since the electrostatic repul- 

ion is easily compensated by other forces like dispersion. The 

EP values are positive at the aromatic H-atoms (18.8 kcal/mol). 

or pterostilbene ( Fig. 5b ), the MEP minima is located at the O-

toms of the methoxyl groups (–23.2 and –24.4 kcal/mol) and the 

aximum MEP is found at the phenolic OH ( + 52.0 kcal/mol). The 

EP values are negative over the aromatic rings. Considering both 

o-formers together, the MEP maximum is found in the phenan- 

hroline molecule and the minimum at the pterostilbene, thus the 

ost favored interaction between both co-formers corresponds to 

H ···N(amide) that is actually found in the assembly shown in 

ig. 4 . 

The MEP analysis has been also used to study the effect of the 

-bonds and CH 3 ···π interaction on the electronic nature of the 

henanthroline molecule to further rationalize the formation of the 

nusual face-to-face parallel stacking. To do so, we have computed 

he MEP surface of the H-bonded and CH 3 ···π dimers, that are rep- 

esented in Fig. 6 . In addition, we have also computed the MEP 

urface of the phenanthroline π-stacked dimer ( Fig. 6a ) to explore 

he possible increase in the basicity of the N-atoms of phenan- 

hroline. Interestingly, the MEP value at the N-atom increases in 

he dimer to –60.7 kcal/mol, with respect to the monomer, thus 

emonstrating that the H-bond acceptor ability of phenanthroline 

ncreases upon formation of the dimer. Also interestingly, in the 
e

4 
imer where the phenanthroline and the pterostilbene are held to- 

ether by the H-bond (see Fig. 6b ), the MEP over the center of 

he ring decreases, becoming almost electroneutral. This explains 

he formation of face-to-face dimers in the solid state, since the 

lectrostatic repulsion is negligible between the aromatic rings and 

he dispersion force is maximized in this conformation. Finally, the 

H 3 ···π dimer has a minimum effect on the MEP values at the 

henanthroline ring, with a small MEP reduction over the central 

ing. This result suggests the existence of synergetic effects be- 

ween the π-stacking and H-bonding interactions in the solid state 

f the cocrystal. 

.2.2. QTAIM and energetic study 

The QTAIM distribution analyses of several assemblies of the 

ocrystals are provided in Fig. 7 , along with the binding ener- 

ies. The phenanthroline π-stacked homodimer is represented in 

ig. 7a , evidencing the existence of three bond critical points (CPs) 

nd bond paths connecting both molecules. Moreover, an extended 

reen reduced density gradient (RDG) isosurface is located be- 

ween the aromatic rings, embracing the whole π-systems, con- 

rming the large overlap of the π-clouds. The binding energy this 

elf-assembled dimer is –5.9 kcal/mol. The QTAIM of the H-bonded 

eterodimer is shown in Fig. 7b , disclosing that the OH ···N is char- 

cterized by a bond CP and bond path connecting the H-atom 

o one N-atom of phenantroline. A blue RDG isosurface is also 

bserved coincident with the bond CP, indicating the strong na- 

ure of this H-bond (the color code used herein is green for weak 

nd blue for strong NCIs). The analysis also evidences the exis- 

ence of a secondary H-bond that is formed between one aro- 

atic CH bond and the other N-atom of phenanthroline. This H- 

ond is also characterized by the corresponding bond CP, bond 

ath and green RDG isosurface. The binding energy of this het- 

rodimer is –10.9 kcal/mol, stronger that the π-stacking homod- 
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Fig. 6. MEP surfaces of phenanthroline dimer (a), pterostilbene/phenanthroline H-bonded dimer (b) and pterostilbene/phenanthroline CH 3 –π dimer (c) at the PBE0-D3/def2- 

TZVP level of theory (density isovalue 0.001 a.u.). MEP energies in kcal/mol. 

Fig. 7. QTAIM analysis of intermolecular bond CPs (red spheres) and bond paths for the homodimer (a), heterodimers (b,c) and tetramers (d,e) observed in the pterostil- 

bene/phenanthroline cocrystal. 
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mer, as expected. The QTAIM of the CH 3 ···π heterodimer is shown 

n Fig. 7c . Interestingly, three bond CPs and bond path intercon- 

ect both molecules. One connects an H-atom of the CH 3 group 

o the phenanthroline. Moreover, the green RDG isosurface located 

etween the methoxyl group and one ring of the phenantroline 

onfirms the existence of the CH 3 ···π interaction. Another bond CP 

onnects one CH bond of the pterostilbene dimethoxiphenyl ring 

o one C-atom of the central ring of phenanthroline disclosing the 

ormation of an additional CH ···π interaction. Finally, a third bond 

P connects one O-atom of the methoxy group to the phenanthro- 

ine ring, thus suggesting the formation of a O ···π interaction. The 

inding energy of this heterodimer is quite modest (–4.9 kcal/mol). 

inally, we have computed the tetramers shown in Fig. 7d , e in 

rder to analyze possible cooperativity effects, as suggested by 

he MEP surface study (previous section). The binding energy of 

hese tetrameric assemblies have been computed as homodimers 

y considering each pterostilbene/phenanthroline heterodimer as a 

onomer. By doing so, the energies of the phenanthroline homod- 

mer and those of the tetramers are comparable. Interestingly, the 
5 
-stacking energy becomes more negative in both tetramers com- 

ared to the homodimer, thus suggesting the existence of cooper- 

tivity effects. This reinforcement is related with the reduction of 

he electrostatic repulsion between the phenanthroline rings, due 

o an electron transfer from the phenanthroline to the pterostil- 

ene molecules. 

. Conclusions 

In summary, this work contributes with new data about co- 

perativity and interplay of aromatic interactions in the pterostil- 

ene/phenanthroline cocrystal structure, which has been analyzed 

ith a focus on the infrequently dipole-dipole parallel orientation 

f the aromatic rings of the phenanthroline molecules. DFT calcu- 

ations disclose that the H-bonds between both coformers facili- 

ate the formation of the face-to-face π-stacked dimers of phenan- 

hroline by reducing the electrostatic repulsion between the π- 

ystems, as corroborated by MEP surface calculations. Moreover, 

he existence of mutual reinforcement between H-bond and π- 
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tacking interactions is proposed, based on the energetic and MEP 

urface analyses. The latter shows that the H-bond acceptor ability 

f the N-atom of phenanthroline increases upon the formation of 

he π-stacked homodimer. The energetic study also demonstrates 

hat the OH ···N H-bond between both co-formers is the strongest 

nteraction. 
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