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ABSTRACT 

Liquid-assisted grinding and solvent crystallizations have been undertaken to prepare 

salts and cocrystals of the modified nucleobase 9-ethyladenine with several carboxylic 

acids. The new solid forms have been characterized by X-ray powder and single crystal 

diffraction, attenuated total reflectance Fourier transformed infrared spectroscopy and 

thermal methods. From single crystal structures we have observed that the length of the 

alkylic chain in the carboxylic acid prevents from a canonical self-assembly for the 

longest coformer. Moreover, density functional theory (DFT) calculations combined with 
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2

the quantum theory of “Atoms-in-Molecules” QTAIM have been performed to analyze 

the different binding modes of adenine and the energetic features of the complexes. In 

particular, the interaction energies of several adenine dimers and trimers, and also the 

hydrogen-bonds with carboxylic acids interacting with Watson-Crick and Hoogsten faces 

of adenine, have been computed and compared.

INTRODUCTION

In the last century, mechanochemistry has emerged as an extraordinary, versatile, 

effective and green technique for the preparation of new and different types of materials 

including not only pharmaceutical solids, such as salts and cocrystals,1,2 but also for 

batteries,3 catalysts,4,5 metal-organic frameworks (MOFs),6 organic synthesis7 and 

others.8 In this sense, through a mechanochemical process, forces such as compression, 

shear or friction can provoke chemical transformations resulting an attractive alternative 

to synthesis in solution and in some cases leading to different products.9 

At lab scale mechanochemical synthesis can be performed simply by hand grinding with 

a pestle and a mortar or by ball milling adding the starting reactants and one or several 

balls in a milling jar, as done in a ball mill. Alternatively, when higher amounts of product 

are required, the preferred option is the use of planetary mills. The results may be 

modulated through several parameters: the type of material for the balls and the grinding 

jars, the frequency, the duration time or even the amount ratio among reactants and balls. 

Finally, the addition of a few drops of solvent, known as solvent-drop grinding, can 

ameliorate drastically the process specially for cocrystal screenings. 

On the other hand, cocrystallization has desmonstrated to be an effective way to improve 

the physicochemical properties of drugs without altering their intrinsic pharmacological 

behavior. At early in the pharma industry, some strategies for solving drawbacks related 
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to solubility, intrinsic dissolutions, stability, hygroscopicity included salt screenings or 

even coamorphization.10-11 But in the last decades, cocrystals have emerged as a valuable 

alternative just by tailoring the coformers used.12  

Recognition among DNA nucleobases and also with other small molecules started in the 

middle fifties from the last century with the work of Hoogsteen13 and were later followed 

by others.14-20 During all this time, great efforts from the crystal engineering point of view 

have been done to fully understand protein-nucleic acid recognition. 

However, the use of solid state grinding to prepare cocrystals containing nucleobases was 

not reported until the nineties by Etter et al.21 After that, cocrystals and salts of different 

nucleobases or analogs have been reported with the goal of understanding which 

interactions are prevalent.22-25 

9-ethyladenine, or 6-amino-9-ethylpurine, is a modified purine base which its single 

crystal structure was early described.14,26 Its ability to form hydrogen-bonded complexes 

through its Watson-Crick or Hoogsteen faces and its reproducing base pair recognition, 

as in DNA with other natural or modified nucleobases, has been explored in the past.14-

18, 26-27

In this work we report the use of this modified nucleobase, 9-ethyladenine, as building 

block molecule for hydrogen bond recognition with several dicarboxylic acids using 

liquid assisted grinding (LAG) technique, as the main screening technique. We have 

explored its ability to form salts and/or cocrystals, the predominant synthons in the solid 

state and how they influence the crystal packing. It is important to highlight that the 

binding modes reported herein for the nucleobase and the carboxylic acids can be used as 

models for possible recognition of DNA/RNA with proteins via the side chains of 

Aspartic and Glutamic amino-acids.28 
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The molecular structure of 9-ethyladenine (9ETADE) and the coformers used are 

displayed in Scheme 1. These are malonic (MAL), succinic (SUC), glutaric (GLU), adipic 

(ADI) and fumaric (FUM) acids. All of them are included in the list of pharmaceutically 

acceptable acids based on the Handbook of Pharmaceutical Salts29 and show different 

pKa values. The widely pKa rule will be used to foresee their ability for the preparation of 

salts or cocrystals. 

N
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Scheme 1. Molecular structures of 9-ethyladenine and the coformers described in 

this study.  

EXPERIMENTAL METHODS

All reagents were purchased from Sigma-Aldrich Co., Panreac and VWR International. 

Analytical grade solvents were used for the liquid-assisted grinding or crystallization 

experiments. All materials were used without any further purification.
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Synthesis of 9-ethyladenine. The modified adenine was obtained by treatment of adenine 

with bromoethane using sodium hydride as base following the previous synthesis 

described for the preparation of 9,9-trimethylenbisadenine.30

Screening by liquid assisted grinding. Mechanochemical synthesis of cocrystals and 

salts were performed using a Retsch ball mill MM400 in 10 mL agate grinding jars with 

two 5 mm agate balls. 1:1 and 2:1 stoichiometric ratio of 9-ethyladenine and the selected 

coformer were ground for 30 min at 30 Hz with two drops of water (for compounds 1-7) 

or methanol (for 2-3 and 6).  See experimental details in the Supplementary Information.

Single crystal preparation by evaporative crystallizations. Slow evaporations were 

carried out to obtain single crystals of the new solid forms. See experimental details in 

Supplementary Information.

Powder X-ray Diffraction (PXRD). PXRD data were collected using a Siemens D5000 

powder X-ray diffractometer with Cu-K radiation ( = 1.54056 Å), with 35 kV voltage 

and 45 mA current applied. An amount of powder was gently pressed on a glass slide to 

afford a flat surface and then analyzed. The samples were -2 scanned from 2 to 50° 

using a step size of 0.02° and a scan rate of 1 step/s. 

Single Crystal X-ray Diffraction (SC-XRD). Suitable crystals of 2, 4 and 5 were 

selected for the X-ray single crystal diffraction experiments, covered with oil (Infineum 

V8512, formerly known as Paratone N) and mounted at the tip of a nylon CryoLoop on 

an Oxford Diffraction Xcalibur system with a Ruby detector using graphite 

monochromated MoKα radiation (λ = 0.7107 Å). Crystallographic data were collected at 

183(2) K. The program suite CRYSALISPro was used for data collection, Lorentz-

polarization and semi-empirical absorption corrections and data reduction.31
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6

When observed in the microscope, crystals of 7 seem composed of thin superposed plates. 

One specimen considered suited for X-ray single crystal diffraction was covered with oil 

(Infineum V8512, formerly known as Paratone N) and mounted at the tip of a nylon 

CryoLoop on a BRUKER-NONIUS X8 APEX-II KAPPA CCD diffractometer using 

graphite monochromated MoKα radiation (λ = 0.7107 Å). Crystallographic data were 

collected at 300(2) K. In the experiment, it was observed that diffraction peaks were 

elongated in one direction, probably because of high mosaicity in the direction of the 

stacking of the plates. In spite of this inconvenience, diffraction peaks could be integrated 

and merged. Data were corrected for Lorentz and polarisation effects and for absorption 

by SADABS.32 

Suitable crystals of 1, 3 and 6 were selected for X-ray single crystal diffraction 

experiments and mounted at the tip of a glass fibre on an Enraf-Nonius CAD4 

diffractometer producing graphite monochromated MoKα radiation ( = 0.7107 Å). After 

the random search of 25 reflections, the indexation procedure gave rise to the cell 

parameters. Intensity data were collected in the -2 scan mode at 293(2) K. Data were 

corrected for Lorentz and polarization effects. The absorption correction was performed 

following Gaussian quadrature method (6)33 or DIFABS (1 and 3)34.

The structural resolution procedure was made using the WinGX package.35 Solving for 

structure factor phases was performed by SHELXS-201336 (1, 3, 6), SHELXS-9736 (4), 

SIR9737 (2 and 5) and SHELXT-201438 (7). For the full matrix refinement 

SHELXL2018/338 (1, 3, 6) or SHELXL-2017/138-39 (2, 4, 5 and 7) were used. The 

structures were checked for higher symmetry with help of the program PLATON.40 The 

software CRYSALISPro was used for treating 4 as a twinned crystal, generating 

separated reflection sets for each one of the twins. The twin is formed by two components 

connected by a 2-fold axis perpendicular to (100) with fractional contributions 0.36:0.64. 

Non-H atoms were refined anisotropically. For 3, H-atoms were introduced in calculated 
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positions and refined riding on their parent atoms. For 1, H-atoms were introduced in 

calculated positions and refined riding on their parent atoms, except for H-atoms from the 

water molecule, which were located in the Fourier map and refined isotropically with 

Uiso(H) = 1.5Ueq(O). For 2, H-atoms bound to carbons were introduced in calculated 

positions and refined riding on their parent atoms, and H-atoms bound to nitrogen and 

oxygen atoms (H6A and H6B and protonation sites (H1 and H30)) were located in the 

Fourier map and refined isotropically with Uiso(H) = 1.5Ueq(N,O). For 4, 5 and 7, H-

atoms were introduced in calculated positions and refined riding on their parent atoms 

except for the protonation sites, which were located in the Fourier map and refined 

isotropically with Uiso(H) = 1.5Ueq(N,O). For 6, H-atoms were refined isotropically with 

fixed Uiso(H) = 1.2Ueq(C) and 1.5Ueq(N,O). In Table 1 general and crystallographic 

data for the salts and cocrystals described in this work are summarized. Hydrogen-bond 

data for all the solved structures can be found in Supplementary Information (Table S1).

In the case of 7, the thermal ellipsois are slightly elongated in the direction (101), which 

can be attributed to the high mosaicity of the crystal in this direction. As can be seen in 

the Results and Discussion section, the crystal packing of 7 consists on layers parallel to 

(101) and weakly bounded between them, which can be the origin of this high mosaicity. 

This is surely the cause of the resulting high R factors in 7 (Table 1). As these are the best 

crystals we could obtain from different essays, the conformation of the layers of 7 will be 

discussed in the next section as they are properly described by the model.

Table 1. General and crystallographic data for prepared salts and cocrystals.

Compound (1) (2) (3) (4) (5) (6) (7)

Formula C10 H15 N5 O5 C11 H15 N5 O4 C9 H12 N5 O2 C12 H17 N5 O4 C22 H30 N10 O10 C18 H22 N10 O4 C13 H19 N5 O4
mol wt 285.26 281.28 222.24 295.30 594.56 442.43 309.33
T (K) 293(2) 183(2) 293(2) 183(2) 183(2) 293(2) 299(2)
 (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P -1 P -1 P 21/n P 21/c C 2/m P 21/n P21/c
a (Å) 6.819(8) 5.1697(2) 9.891(4) 10.6126(17) 19.756(3) 15.575(1) 11.943(2)
b (Å) 8.167(7) 10.9731(9) 8.478(3) 19.783(2) 6.5260(4) 8.707(3) 20.440(4)

Page 7 of 37

ACS Paragon Plus Environment

Crystal Growth & Design

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



8

c (Å) 13.105(5) 11.3150(4) 12.803(5) 6.8213(19) 13.680(6) 15.741(2) 13.308(2)
 º) 88.16(5) 96.1307(4) 90 90 90 90 90
 º) 75.49(6) 91.253(3) 97.66(4) 106.07(2) 131.372(11) 97.08(1) 108.715(3)
 º) 71.68(10) 98.379(5) 90 90 90 90 90
V (Å3) 669.9(11) 630.94(6) 1064.0(4) 1376.2(5) 1323.5(7) 2118.4(8) 3077.0(10)
Z 2 2 4 4 2 4 8
D (Mg/m3) 1.325 1.481 1.387 1.425 1.492 1.387 1.335
 (mm-1) 0.105 0.115 0.103 0.109 0.120 0.137 0.101
F(000) 300 296 468 624 624 1168 1312
Reflns/unique 2727/2615 4596/2486 3090/2085 2713/2713 5262/1428 4305/4152 31689/5830
R(int) 0.0419 0.0250 0.0334 0.0496 0.0311 0.0283 0.0501
Data/restraints/params 2615 / 3 / 191 2486 / 0 / 194 2085 / 0 / 147 2713 / 0 / 198 1428 / 5 / 135 4152 / 22 / 340 5830 / 4 / 411
GOF on F2 1.006 0.856 0.978 0.862 1.101 0.817 1.621
R1, wR2 [I>2σ(I)] 0.0668, 0.1818 0.0400, 0.0728 0.0568, 0.1272 0.0506, 0.0916 0.0710, 0.2284 0.0632, 0.1273 0.1508,0.3728
R1, wR2 (all data) 0.1082, 0.2025 0.0743, 0.0782 0.1569, 0.1460 0.1068, 0.1017 0.0872, 0.2409 0.1766, 0.1507 0.1758, 0.4035
Largest diff. peak 
and hole (e.Å-3) 0.289, -0.310 0.153, -0.238 0.184, -0.186 0.228, -0.241 0.387, -0.709 0.187, -0.206 1.108, -0.504

Thermogravimetric analysis – Differential scanning calorimetry (TGA-DSC). 

Thermal analyses were carried out on a simultaneous thermogravimetric analysis (TGA) 

- differential scanning calorimetry/differential thermal analysis (heat flow DSC /DTA) 

system NETZSCH -STA 449 F1 Jupiter. The samples (4-7 mg) were placed in an alumina 

pan and measured at a scan speed of 10 °C min-1 from ambient temperature to 250 °C 

under N2 atmosphere as protective and purge gas (their respective flow velocities were 

20 and 40 mL/min).

Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FT-

IR). Infrared spectra were recorded with a Jasco 4700LE spectrophotometer with 

attenuated total reflectance accessory. The scanning range was 4000 to 400 cm-1 and at a 

resolution of 4.0 cm-1. 

Computational Details 

The calculations reported herein were performed using the Gaussian-0941 program 

package and the B3LYP-D/def2-TZVP level of theory.42-44 The X-ray coordinates have 

been used to estimate the interactions in the solid state. This methodology and functional 

have been successfully used before to evaluate similar interactions.45-48 The interaction 

energies used in this work were computed as the difference between the energies of the 

isolated monomers and their assembly, unless otherwise noted. The interaction energies 
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9

were corrected by using the Boys–Bernardi counterpoise methodology to eliminate the 

basis set superposition error (BSSE).49 The Bader’s quantum theory of "Atoms in 

Molecules" (QTAIM) has been used to characterize the noncovalent interactions using 

the AIMall program.50 The molecular electrostatic potential (MEP) surfaces have been 

obtained using the cube files generated using the Gaussian-09 software and the B3LYP-

D/def2-TZVP wave-funcions. The 0.001 a.u. isosurface has been used as the best estimate 

of the van der Waals surface.

RESULTS AND DISCUSSION

The structures of 9-ethyladenine and the carboxylic coformers used in this work for the 

preparation of new solid forms by liquid-assisted grinding and solution crystallizations 

are shown in Scheme 1. From the list, we have found that 9-ethyladenine forms salts with 

malonic, succinic and fumaric acids, the most acidic and shorter alkylic chain acids. 

However, it can also form cocrystals with succinic and fumaric acids and the longer 

aliphatic dicarboxylics such as glutaric and adipic acids. According to the widely used 

pKa rule, a ΔpKa higher than 2-3 is significative for a salt formation; while a value lower 

than 0, will result for a cocrystal. The pKa1 of the selected coformers are from 2.83 for 

malonic acid to 4.42 for adipic acid. In the case of 9-ethyladenine, its pKa is 4.2.51 

Therefore, the ΔpKa for the most acidic coformers (malonic and fumaric acids) is between 

0-2 and in this case, the pKa rule is inappropriate. For the other carboxylic acids, their pKa 

value is equal or lower than 0, suggesting that cocrystal forms should be expected. A 

recent study, carried out by A. J. Cruz-Cabeza, based on sufficient data from the 

Cambridge Structural Database, is in agreement with previous observations for the 

extreme values (ΔpKa < -1 and ΔpKa > 4). For the range in between -1 to 4, linear 

relationships have been found among the probability of salt (Pobs (A-B+, %) = 17ΔpKa + 
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28) or cocrystal (Pobs (AB, %) = -17ΔpKa + 72) formation and their ΔpKa.52 Following 

both formulae, salt formation shows similar likehood for malonic and fumaric acid. 

However, for succinic, glutaric and adipic acids, the probability of obtaining cocrystals 

are higher (>70 %).

All these structures were solved by single-crystal X-ray diffraction and the bulk solids 

were further analysed by PXRD, FT-IR and thermal analysis. The noncovalent forces 

were studied by performing DFT calculations and also using the QTAIM computational 

tools in order to evaluate the contribution of individual H-bonding interactions to the 

binding energy of the assemblies.

PXRD results. The PXRD patterns of the novel crystalline multicomponent forms 

synthesized in this work are shown in the Supplementary Information (Figure S1) by 

overlays of the experimental pattern, the calculated pattern from the crystal structure and 

those of the starting materials. In all cases, the agreement between the experimental and 

the simulated patterns are good.

Crystal structure analysis of salts and cocrystals of 9ETADE. Evaporative 

crystallization methods were performed in an attempt to obtain regular and suitable single 

crystals for structural characterization by single crystal X-ray diffraction in each of the 

studied compounds.

9-Ethyladenine-malonic acid (1:1) hydrated salt (1). Compound 1 crystallizes in the 

triclinic P-1 space group containing one molecule of 9-ethyladenine, one of malonic acid 

and one of water in the asymmetric unit. 

This structure presents pairs of 9-ethyladenine self-assembled through the Hoogsten edge 

N(6)-H···N(7) (2.982(3) Å, 161.8°) (black lines in Figure 1a). 9-ethyladenine interacts 

with hydrogenmalonate acid from one side through protonated N1 by N(1)-H···O(1) 
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11

(2.606(3) Å, 171.3°) and N(6)-H···O(2) (2.821(3) Å, 171.8°) interactions. But also, 

through a second one, bonding H2 and the carbonyl moiety of the carboxylate group by 

C(2)-H···O(1) (3.170(4) Å, 164.2°) (light blue lines in Figure 1a). Finally, the water 

molecule is bound to carboxylic groups of malonic acid, establishing three different 

hydrogen bonds: O(4)-H···O(5) (2.556(3) Å, 164.3°), O(5)-H···O(3) (2.798(3) Å, 

170(4)°) and O(5)-H···O(2) (2.662(3) Å, 170(3)°) (green, purple and orange lines, 

respectively, in Figure 1a), acting as hydrogen bond donor and acceptor at the same time. 

Figure 1. a) 9-ethyladenine– malonic acid hydrated salt dimer surrounded by their 

respective malonic acid and water molecules. b) Stacking of 9-ethyladenine– malonic 

acid hydrated salt (1).

Such adenine dimers form planes in association with other neighbor dimers through the 

hydrogenmalonate acid and water molecules. Then, those planes stack on top of each 

other. In every dimer, a salt bridge between 9-ethyladenine and malonic acid molecules 

interacts with the one below and the other with the one above, through π-π stacking (π-π 

interplanar distance 3.404 Å). Water molecules establish additional hydrogen bonds with 

neighbor malonic acid molecules (see Figure 1b).
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9-Ethyladenine-succinic acid (1:1) salt (2). 9-ethyladenine– succinic acid salt crystallizes 

in the triclinic P-1 space group containing a protonated molecule of 9-ethyladenine, half 

succinic acid and half succinate molecules in the asymmetric unit.

This structure is formed by infinite chains of alternating succinate and succinic acid 

molecules connected through O(30)-H···O(20) (2.5466(16) Å, 179.3(19)°) hydrogen 

bonds. Those chains form planes by π-π stacking of succinate molecules (π-π interplanar 

distance 3.218 Å).

9-ethyladenine forms also planes. First by dimeric units by N(6)-H···N(7) (2.914(2) Å, 

159.9(18)°) (red lines in Figure 2a) and secondly forming π-π stacking of nitrogenous 

bases (- interplanar distance 3.406 Å). Finally, those dimers also interact through their 

hydrophobic chains forming planes of 9-ethyladenine.

Succinate/succinic acid planes and 9-ethyladenine planes are then linked together, 

establishing hydrogen bonds between non self-assembling nitrogen atoms of adenine and 

succinate molecules through N(1)-H···O(20) (2.6852(19) Å, 165.1(17)°) and N(6)-

H···O(21) (2.760(2) Å, 162.9(18)°) interactions (green and purple lines respectively in 

Figure 2a). Therefore, the whole structure can be defined as alternating layered planes of 

9-ethyladenine and succinate/succinic acid (see Figure 2b).
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Figure 2. a) 9-ethyladenine– succinic acid salt (2) interactions between layers along the 

a axis. b) Layers of 9-ethyladenine– succinic acid. c) 9-ethyladenine– fumaric acid salt 

(5) planes. d) Stacking of 9-ethyladenine– fumaric acid salt planes. 

This structure presents many similarities with 9-ethyladenine– malonic acid hydrated salt. 

Its self-assembling arrangement is performed through the same side of 9-ethyladenine, 

other nitrogen atoms are free to bind to the acid group of the selected molecule and π-π 

assembling plays a major role between 9-ethyladenine dimers.

9-Ethyladenine-succinic acid (2:1) cocrystal (3) and 9-Ethyladenine-Fumaric acid (2:1) 

cocrystal (6). Both structures are almost identical. Surprisingly, the restriction caused by 

a double bond in fumaric acid compared to succinic acid has very small influence. 

Proportions, arrangement and even distances and angles of hydrogen bonds formed are 

very similar. Both cocrystals crystallize in the monoclinic P21/n space group, where the 

cell for compound 3 is half the one of the compound 6 (the two adenines are named A 
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and B and present the same hydrogen bond pattern with different bond distances and 

angles).

These structures present a particular self-assembling arrangement for 9-ethyladenine that 

is different to the one described for previous structures. In these cases, N6 binds at the 

same time with N1 and N7 through the following hydrogen bonds: a) for compound 3, 

N(6)-H···N(1) (3.055(4) Å, 165.6°) and N(6)-H···N(7) (3.044(4) Å, 174.5°) (red and 

black lines, respectively, in Figure 3a); b) for compound 6, N(6A)-H···N(1A) (3.091(4) 

Å, 163(3)°), N(6B)-H···N(1B) (3.115(4) Å, 165(3)°), N(6A)-H···N(7A) (3.059(4) Å, 

174(3)°) and N(6B)-H···N(7B) (3.047(4) Å, 175(3)°) (red and black lines respectively in 

Figure 3c). Therefore, they are connected to the adjacent adenines through both Watson-

Crick and Hoogsten edges, forming infinite zig-zag tapes of the modified nucleobase (for 

6, the tapes are formed exclusively with adenine A or adenine B). These tapes are then 

connected to: a) for compound 3, succinic acid molecules through O(2)-H···N(3) 

(2.664(3) Å, 167.2°) (blue lines in Figure 3a), giving rise to a plane in which tapes are 

faced in opposing directions; b) for compound 6, fumaric acid molecules through O(2)-

H···N(3A) (2.658(4) Å, 169(5)°) and O(3)-H···N(3B) (2.647(4) Å, 169(4)°) interactions 

(blue lines in Figure 3c), with the chains placed in opposite directions, alternating A and 

B chains, and forming parallel layers (as can be seen in Figure 3d).
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Figure 3. a) Zig-zag tapes in 9-ethyladenine– succinic acid cocrystal (3). b) Crystal 

packing of 9-ethyladenine– succinic acid planes. c) Zig-zag tapes in 9-ethyladenine– 

fumaric acid cocrystal (6). d) Stacking of 9-ethyladenine– fumaric acid cocrystal. 

For compound 3, such planes are pilled through a cluster of aromatic interactions (Figure 

3b). In the center of the cluster, 9-ethyladenine stacks in pairs (π-π interplanar distance 

3.434 Å). At both sides of this pair, a carbonyl establishes a lone pair interaction with the 

aromatic system of 9-ethyladenine (O(1)···Centroid distance: 3.505 Å, angle 95.23°). At 

the outer sphere of the cluster, this carbonyl interacts with another adenine (O(1)···N(1): 

3.698 Å, angle 69.83°) and the hydroxyl group interacts with a second neighbor adenine 

(O(2)···N(6): 3.430 Å, angle 111.39°). On the other hand, for compound 6, the planes are 

placed on top of one another by - stacking of nitrogenous bases, specially visible with 

the five-membered rings (N(9A)···Centroid distance: 3.348 Å, N(9B)···Centroid 

distance: 3.351 Å) (Figure 3d).
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All these new arrangements suggest that the addition of a carbon atom in the carboxylic 

molecule induces an increased influence of the Van der Waals forces. For this structure, 

9-ethyladenine molecules are accommodated to face their alkylic chains all in the same 

direction as the acid molecules. These zig-zag tapes have been previously described. They 

are formed by trans Watson-Crick/Hoogsteen base pairs, which compared to trans 

Watson-Crick/Watson-Crick are somewhat higher in energy but occur more frequently.53-

54

9-Ethyladenine-Glutaric acid (1:1) cocrystal (4) and 9-Ethyladenine-Adipic acid (1:1) 

cocrystal (7). Both cocrystals present very similar structures, crystallizing in the 

monoclinic P21/c space group, where the cell for compound 4 is half the one for 

compound 7.  In compound 7, the two adipic molecules in the asymmetric unit posses 

three protonated sites, which corresponds to a cocrystal/salt mixture. However, given the 

difficulties found in the determination of the crystal structure of 7, the position of the 

protons in the O···N hydrogen bonds is dubious, hence its assignation to salt or cocrystal.

These structures form planes perpendicular to the c axis (for 4) or parallel to the b axis 

(for 7). 9-ethyladenine interacts with glutaric acid in two different ways. First, through its 

Watson-Crick edge, establishing hydrogen bonds both as a donor and an acceptor by: a) 

for compound 4, O(21)-H···N(1) (2.673(2)  Å, 167(2)°) and N(6)-H···O(22) (2.925(2) Å, 

169.9°) interactions (red and blue lines respectively in Figure 4); b) for compound 7, 

O(1C)-H···N(1A) (2.669(4)Å; 167(6)°) and N(6A)-H···O(2C) (2.976(4) Å; 170.6°) and 

O(1D)-H···N(1B) (2.642(4) Å; 156(6)°) and N(6B)-H···O(2D) (2.947(5) Å; 169.7°). 

Then, through its Hoogsteen edge also establishes hydrogen bonds both as donor and 

acceptor by: a) for compound 4, N(6)-H···O(26) (2.868(2) Å, 171.8°) and O(27)-H···N(7) 

(2.658(2) Å, 169(2)°) (purple and orange lines respectively in Figure 4a); b) for compound 

7, N(6B)-H···O(7C) (2.843(5) Å; 168.7°) and O(8C)-H···N(7B) (2.719(4) Å; 163(6)°) 
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and as double donor by N(6A)-H···O(7D) (2.846(4) Å; 171.4°) and N(7A)-H···O(8D) 

(2.714(4) Å; 166(4)°) (see Figure 4c). Moreover, in compound 4, 9-ethyladenine 

establishes hydrogen bonds with its nearest neighbor by C(2)-H···N(3) (3.361(3) Å, angle 

147.2°) (black lines in Figure 4a).

Figure 4. a) 9-ethyladenine– glutaric acid cocrystal (4) planes. b) π-π stacking of 9-

ethyladenine– glutaric acid cocrystal planes. c) 9-ethyladenine– adipic acid cocrystal (7) 

planes. d) Stacking of 9-ethyladenine– adipic acid cocrystal planes. 

In compound 4, the planes establish π-π stacking interactions among 9-ethyladenine 

molecules (π-π interplanar distance 3.366 Å), but also π-π stacking between carboxylic 
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groups and 9-ethyladenine by O(27)···N(3) (3.459 Å, angle 77.57°) as shown in Figure 

4b.

Regarding compound 7, the planes overlap due to weak van der Waals interactions among 

adenines and adipic acid molecules, i.e. long C-H···π /C-H···O bonds. The weakness of 

the interplane interactions explain the high mosaicity of the crystal along a* (see Figure 

4d).

In comparison with other multicomponent forms of 9-ethyladenine, it appears that the 

increasing length of the linear alkylic dicarboxylic acid in compounds 4 or 7 causes 

adenines to be further apart from one another, preventing them from establishing a 

canonical self-assembled arrangement through their Watson-Crick or Hoogsteen edges, 

such as those seen in previous structures; but even also, in the case of compound 7, from 

any other type of interaction, like to observed in 4 among C(2)-H···N(3).

The adenine arrangement found in compound 4 constitutes an alternative adenine-adenine 

self-assembled motif not found in DNA nor RNA (up to the authors’ knowledge), 

although it has been previously described by others55 and several structures are deposited 

at the CCDC showing such pattern.56-62

9-Ethyladenine-Fumaric acid (1:1) hydrated salt (5). This salt crystallizes in the 

monoclinic C2/m space group containing one molecule of 9-ethyladenine, half of a 

fumaric acid, half of a fumarate and one molecule of water in the asymmetric unit. 

This structure presents also a self-assembled arrangement between adenines through the 

Hoogsten edge: N(6)- H···N(7) (2.966(5) Å, 158.6°) (black lines in Figure 2c). Adenine 

dimers are only bound to fumarate molecules by two interactions: N(1)-H···O(21) 

(2.711(4) Å, 179(5)°) and N(6)-H···O(22) (2.793(5) Å, 175.4°) (blue and red lines, 

respectively, in Figure 2c). These units are then connected to their neighbors through 
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fumaric acid thanks to hydrogen bonds O(31)-H···O(21) (2.550(4) Å, 179(5)°) (orange 

lines in Figure 2c). Furthermore, water molecules act as bridges between fumarate and 

fumaric acid molecules (O(1W)-H···O(22), 2.790(6) Å, angle 167(9)° and O(1W)-

H···O(31), 2.974(7) Å, angle 166(9)°) (purple and green lines, respectively, in Figure 2c).

Layers are piled up by - stacking of 9-ethyladenine and fumaric acid molecules. In this 

structure, molecules lay perfectly flat in relation to one another base (π-π interplanar 

distance 3.263 Å). Such stacking is shown in Figure 2d.

Compared to the structures of succinic and fumaric acid cocrystals with 9-ethyladenine, 

this structure presents also chains of acid molecules and chains of 9-ethyladenine, but in 

this case adenine does not form infinite zig-zag tapes. Similarities can be found respect 

to 9-ethyladenine-succinic acid salt; in both cases infinite chains of carboxylic acids are 

found and adenine forms also dimers. However, the final packing is different, for the 

succinic acid salt there are alternated columns of succinic acids and 9-ethyladenines while 

for the fumaric acid salt, the columns are formed by alternated fumaric acids and 9-

ethyladenines.

Thermal analysis. The thermal stability of the resulting salts and cocrystals of 9-

ethyladenine was examined by TGA-DSC (Figures S2). In Table 2, a summary with the 

melting points of the starting compounds and the synthesized multicomponent forms is 

collected. 

Table 2. Melting points of 9-ethyladenine salts and cocrystals.

Compound mp (°C) coformer mp (°C)**
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9-ethyladenine 191

1 72* Malonic acid 132-135

2 191.5 Succinic acid 185-191

3 199.6

4 207.5 Glutaric acid 95-98

5 226.3 Fumaric acid 298-300

6 224.1

7 157.5 Adipic acid 151-154

         *dehydratation event. **Sigma-Aldrich.

The melting point of 9-ethyladenine was observed at 191 ºC in the DSC trace, in 

agreement with literature.63

The thermal analysis of the salt 1 showed a weight loss (ca. 5.8 %) between room 

temperature and 100 ºC, associated to the complete dehydration of the sample (theor. 

LOD: 6.3 % for one molecule of water). This event is associated with an endothermic 

peak with an onset (To) and melting (Tm) temperatures of 52 and 72 ºC, respectively, in 

the DSC. A second endothermic peak at 140 °C (To) is observed corresponding to the 

melting of the compound. The combination of 9-ethyladenine and succinic acid has 

afforded two multicomponent solid forms, a salt (2) and a co-crystal (3). Both forms are 

anhydrous according to their TGA traces and their melting points are in both cases similar 

to the nucleobase but higher than the one of succinic acid. Use of fumaric acid as coformer 

also afforded two crystalline solid forms: a hydrated salt (5) and an anhydrous cocrystal 

(6). In both cases, their melting points are similar with a value in between the melting 

points of 9-ethyladenine and the fumaric acid precursor. The resulting cocrystal 4, formed 

from 9-ethyladenine and glutaric acid, was anhydrous and showed a melting point higher 

than its precursors, which means that the obtained crystalline form exhibits a higher 

stability.  Cocrystal 7 corresponds to the pair between 9-ethyladenine and adipic acid 
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molecules. This solid form is anhydrous and has a melting point (Tm) of 158 ºC, also a 

value in between of that of its pure components.

FT-IR Spectroscopy. The FTIR spectra of the new solids were compared with those of 

the corresponding pure components (Figure S3, included in Supplementary Materials). 

Although in some cases, specially for cocrystals, it might seem that the resulting spectra 

are just the sum of the parent compounds, a detailed analysis shows that there are a few 

differences which help to confirm the creation of the new forms. For instance, for the 9-

ethyladenine-malonic acid hydrated salt (1), a new band at 3447 cm-1 appears, which 

could be assigned to O-H stretching from a water molecule. Moreover, in the middle 

region frequencies, there is a shift for the carbonyl band from the carboxylic group from 

1691 cm-1 (in free malonic acid) to 1696 cm-1 for this salt, as a result of overlapping with 

C=N and C=C stretchings.  This blue shift in the C=O band was also observed for the 9-

ethyladenine– succinic acid salt (1:1) (from 1679 to 1702 cm-1) and the 9-ethyladenine– 

fumaric acid hydrated salt (1:1:1), from 1656 to 1710 cm-1. For the latter, water (O-H) 

was also confirmed by the presence of new bands at 3588 and 3407 cm-1. All cocrystals 

forms show similar FTIR spectra with two characteristic bands between 3115 and 3330 

cm-1 for the N-H and C-H stretchings, at higher frequencies respect to the 9-ethyladenine. 

Moreover, there is a new band around 1857-1914 cm-1 which can be assigned to the (O-

H) (OH···N) according to the literature.64-65 And finally, three bands are observed in the 

region of the C=N, C=C and C=O stretchings, slightly blue-shifted regarding to 9-

ethyladenine but, in general, at lower frequencies than for the corresponding free acids.

Theoretical calculations. The theoretical study is devoted to analyze several 

supramolecular assemblies observed in the solid state of the co-crystals and to assign 

individual energies to the different H-bonding interactions and unconventional π-stacking 

Page 21 of 37

ACS Paragon Plus Environment

Crystal Growth & Design

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



22

complexes. This type of analysis is convenient to understand the different combinations 

of interactions and also to give insight into the ability of the Hoogsteen and Watson-Crick 

faces of neutral and protonated adenine to participate in H-bonding networks with itself 

(self-assembly) and/or carboxylic/carboxylate groups.

For compound 1, the unconventional π–π stacking interactions that involve the salt 

bridges (highlighted in Figure 5) were first analyzed. As explained above, the adenine 

ring is protonated in N1 and forms a salt bridge complex with hydrogen malonate. The 

formation energy of this salt bridge is very large (–109.3 kcal/mol, see Figure 5a) due to 

the large contribution of the electrostatic attraction between the opposite charges. In 

Figure 5, the QTAIM distribution of critical points (CPs) and bond paths is represented 

for the salt bridge (a) and its stacked assembly (b). The salt bridge interaction is 

characterized by two bond CPs (green spheres) and bond paths connecting the O-atoms 

to the H-atoms. The individual energetic contribution of each hydrogen bond was 

calculated using the kinetic energy G(rCP) value at the bond critical point (values in black 

in Figure 5). Thus, the energy for each H-bond was calculated according to the approach 

by Vener et al.66 (see values in red in Figure 5) that was explicitly developed for hydrogen 

bonding interactions [Energy = 0.429 * G(r)]. For pure closed-shell H-bonds, this 

proportionality is equivalent to that with the parallel curvature of the electron density 

3(rCP), as G(rCP) is linearly related with 3(rCP).68-69 The QTAIM results indicate that the 

H-bonding contribution to the salt-bridge formation is 16.8 kcal/mol and the rest is due 

to the pure electrostatic atraction. Figure 5b shows the interesting salt-bridge···salt-bridge 

(SB···SB) stacking where the salt-bridges are arranged in an anti-parallel mode to 

maximize the electrostatic atraction. The AIM distribution of CPs and bond paths reveals 

that the assembly is characterized by four CPs and bond paths interconnecting the O and 

N atoms. The interaction is further characterized by the presence of several ring (in 

yellow) and cage (in blue) CPs. In addition, the assembly is also estabilized by two 
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symmetrically equivalent C–H···π interactions characterized by a bond CP and bond path 

connecting a H-atom of hydrogen malonate to the N-atom of the five-membered ring of 

adenine. The interaction energy of the SB···SB stacking interaction is large –22.4 

kcal/mol, thus confirming the importance of this synthon in the solid state structure of 1.

Figure 5. QTAIM distribution of bond, ring and cage CPs (green, yellow and blue 

spheres, respectively) in two assemblies of compound 1; dimer (a) and tetramer (b). The 

G(r) values at selected bond CPs are given using a black font and the dissociation energy 

of the H-bonds using a red font (in kcal/mol). The formation energies (ΔE) computed at 

the B3LYP-D/def2-TZVP level of theory are also indicated.

In addition to the SB···SB interaction, compound 1 also forms self-assembled H-bonded 

dimers in the solid state through the Hoogsten side of adenine (see Figure 6). Each N6-

H···N7 H-bond contributes in 3.58 kcal/mol, thus being weaker than any of the N–H···O 

bonds. It is worth mentioning that the formation energy of the H-bonding dimer 

represented in Figure 6b considering the salt-bridge as monomer is –14.0 kcal/mol. This 

dimerization energy is significantly smaller (in absolute value) than the SB···SB dimer 

formation (–22.4 kcal/mol, see Figure 6), thus indicating that the latter has a larger 

influence in the solid state of compound 1. It should be mentioned the large difference 

between the dimerization energy (–14.0 kcal/mol) and the sum of the H-bond dissociation 

energies predicted using the QTAIM parameters (7.16 kcal/mol). This is due to the fact 
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that the pure electrostatic attraction between the counterions (9-ethyladeninium and 

malonate) are not taken into consideration when the QTAIM energy predictor is applied. 

Therefore, approximately half of the dimerization energy is due to electrostatic effects 

and the other half to to the contribution of both N–H···N H-bonds. 

Figure 6. QTAIM distribution of bond, ring and cage CPs (green, yellow and blue 

spheres, respectively) in two assemblies of compound 1; dimer (a) and tetramer (b). The 

G(r) values at selected bond CPs are given using a black font and the dissociation energy 

of the H-bonds using a red font (in kcal/mol). The formation energies (ΔE) computed at 

the B3LYP-D/def2-TZVP level of theory are also indicated.

The adenine ring is neutral in compounds 3 and 6 and, consequently, these compounds 

are adequate to analyze possible competition between the Watson-Crick and Hoogsten 

faces of the adenine ring for the formation of H-bonding complexes. First of all, the 

molecular electrostatic potential (MEP) surface of 9-ethyladenine has been obtained, in 

order to know the relative ability of H-bond donor and acceptor sites (see Figure 7). The 

MEP analysis reveals that N1 is the best H-bond acceptor and N3 and N7 are very similar. 

Regarding the H-bond donor, the MEP values are equivalent at both H-atoms of the 

exocyclic –NH2 group. This suggests that both faces of adenine are equivalent as H-bond 
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donor and that the Watson-Crick face is better H-bond acceptor. In Figure 7b the MEP 

surface has been represented using a different scale in order to show the π-electronic 

difference between the six and five membered rings. Although the MEP values over the 

ring centers are very small, it is negative over the six membered ring and positive over 

the five membered ring. Therefore, from an electrostatic point of view, the latter is 

adequate for interacting with electron rich atoms.

Figure 7. (a,b) Open molecular electrostatic potential (MEP) surface of 9-ethyladenine 

using two different scales. The energies at selected points of the surface are indicated in 

kcal/mol.

Both compounds 3 and 6 form similar H-bonding networks in the solid state as 

represented in Figure 8. Both adenine faces interact with adjacent adenines forming two 

sets of N6–H6A···N1 and N6–H6B···N7 H-bonds. The energies associated to these 

H-bonds (from QTAIM) are indicated using a red font in the figure. They range from 2.99 

to 3.47 kcal/mol. In both compounds the carboxylic acid (succinic acid in 3 and fumaric 

acid in 6) forms a strong H-bond interaction with N3. In both compounds the O-atom that 

participates in the O–H···N3 H-bond also establishes a bifurcated H-bond (as acceptor) 

with the 9-ethyl substituent. Finally, in case of fumaric acid, a weak C2–H···O H-bond is 
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also established (1.35 kcal/mol). The total formation energy (from QTAIM) is similar for 

both compounds and also comparable to the formation energy obtained from DFT 

calculations (ΔE = –28.7 kcal/mol), thus giving reliability to the QTAIM estimation of 

individual energies.

Figure 8. QTAIM distribution of bond, ring and cage CPs (green, yellow and blue 

spheres, respectively) in the H-bonding network of compound 3 (a) and 6 (b). The G(r) 

values at selected bond CPs are given using a black font and the dissociation energy of 

the H-bonds using a red font (in kcal/mol). The formation energies (ΔE) computed at the 

B3LYP-D/def2-TZVP level of theory are also indicated in black. Those estimated from 

QTAIM in red.

As commented above, the main difference between the crystal packing of compound 3 

and 6 is the existence of an additional H-bonding interaction, C2–H···O interaction in 6 

between the fumaric acid and adenine. In compound 3, the H···O distance is longer 

because the O atom is tilted toward the five membered ring of an adenine molecule from 

an adjacent 2D layer forming a lp–π interaction (ΔE = –5.2 kcal/mol, see Figure 9a), in 

line with the MEP surface analysis. We have also evaluated the assembly considering the 

H-bonding network described in Figure 8, and the interaction energy increases to ΔE = –

8.9 kcal/mol, see Figure 9b. The QTAIM analysis indicates that the lp–π interaction is 

characterized by two bond CPs and bond paths that connect the O-atom to two atoms of 
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the five membered ring, thus confirming the existence of the interaction. The AIM 

analysis also reveals an intricate combination of bond CPs and bond paths connecting the 

succinic acid to the adenine rings. Moreover, it also reveals the existence of interaction 

between the O-atom and an H-atom of the ethyl group. In order to estimate the 

contribution of the lp–π interaction, a modified model of the complex used in Figure 9a 

has been used, where the ethyl group has been mutated to a methyl group, and 

consequently this ancillary interaction is not formed. As a result, the interaction energy is 

slightly reduced to ΔE(Et→Me) = –4.8 kcal/mol, which can be attributed exclusively to 

the lp–π interaction.

Figure 9. (a) Lp–π complex observed in the solid state of compound 3 and its interaction 

energy using two models (see main text). Distance in Å. (b) QTAIM distribution of bond, 

ring and cage CPs (green, yellow and blue spheres, respectively) in the H-bonding 

network of compound 3 interacting with succinic acid.
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The structure of compound 4 is interesting because the glutaric acid interacts with both 

faces of adenine ring, so it is adequate to compare both binding modes and also can be 

considered as a minimalistic model of the interaction of adenine with the side chain of 

aminoacids like glutamic or aspartic. The QTAIM analysis of the H-bonding network 

oberved in 4 is shown in Figure 10. The interaction via the Watson-Crick face obtained 

from the QTAIM analysis is 14.79 kcal/mol that is slightly less favored than the 

interaction via the Hoogsten face (15.66 kcal/mol). It is interesting to highlight that the 

N–H···O hydrogen bonds are significantly weaker than the O–H···N bonds in line with 

the aditity of the H-bond donor and the basicity of the acceptor. Finally, the adenine ring 

interacts with the adjacent adenine through weak C2–H···N3 hydrogen bonds (1.75 

kcal/mol).

Figure 10. QTAIM distribution of bond, ring and cage CPs (green, yellow and blue 

spheres, respectively) in the H-bonding network of compound 4. The G(r) values at 

selected bond CPs are given using a black font and the dissociation energy of the H-bonds 

using a red font (in kcal/mol).
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Finally, in compound 5 the self-assembled dimer that is formed by the interaction of two 

protonated adenine rings (see Figure 11) through the Hoogsten face has been analyzed. 

This dimer is formed against the electrostatic repulsion of two cationic species (N9-

ethyladeninium). Therefore, the symmetrically equivalent N6–H···N7 H-bonds can be 

considered as examples of the so-called “anti-electrostatic H-bonds” (AEHBs).69 It has 

been demonstrated that, in spite of the ionic repulsion, the properties of the hydrogen 

bonds remain the same in neutral and charged systems.70 In fact, aggregates of molecules 

of the same charge are frequently reported in crystal structures71-73 where the surrounding 

counterions balance the ionic repulsion. These aggregates can be stable in gas phases, as 

it has been shown that hydrogen bonds can overcome ionic forces in some cases.74 For 

the adenine dimer of compound 5 (dicationic complex) the energy is positive (ΔE = +30 

kcal/mol). However, the individual interaction energies measured from the QTAIM are 

favorable (dissociation energy = 4.03 kcal/mol for each H-bond). As the dissociation 

energy includes a positive contribution from cation-cation repulsion and a negative 

contribution from the hydrogen bonds, it is clear that the first one is more important. This 

does not preclude that the dimer is stable, but that the dimer corresponds to a local energy 

minimum, as dimers formed by two protonated nucleobases have been shown to be stable 

in gas phase in spite of presenting positive dissociation energy.75 

In case the counter-anions are included in the calculations (see Figure 11b), the 

dimerization energy becomes negative (ΔE = –18.3 kcal/mol) due to the presence of the 

dianions. Quite remarkably, the energy of the N6–H···N7 H-bonds in the assembly where 

the counterions are present is almost identical (4.06 kcal/mol) to those in the dicationic 

dimer. This is an expected result, as the presence of the counterions balances ionic 

repulsion, leaving the hydrogen bond as the main contribution to the dissociation 

energy.76 This result confirms that hydrogen bonds in neutral or charged systems are 

extremely similar.
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Figure 11. QTAIM distribution of bond and ring CPs (green and yellow spheres, 

respectively) in two assemblies of compound 5; cation-cation dimer (a) and a neutral 

hexamer (b). The G(r) values at selected bond CPs are given using a black font and the 

dissociation energy of the H-bonds using a red font (in kcal/mol). The formation energies 

(ΔE) computed at the B3LYP-D/def2-TZVP level of theory are also indicated. In case of 

the assembly in (b) the energy has been computed as a dimerization of two trimers (only 

the N6–H···N7 H-bonds are evaluated)

CONCLUSIONS

In conclusion, we have reported the synthesis of a new series of cocrystals and salts 

combining 9-ethyladenine and carboxylic acids with different alkylic chain lenght. The 

solids have been further characterized by different techniques including X-ray diffraction, 

spectroscopic techniques and thermal analysis. Through a careful analysis of the single 

crystal structures for all of them we have established the main interactions involved in the 

crystal packing. The obtained new salts with 9-ethyladenine form dimers. While for the 

cocrystals with succinic and fumaric acids zig-zag tapes of nucleobase molecules were 

observed; for glutaric and adipic acids, the addition of methylenes groups to the chain 

prevents from their canonical self-assembly. 
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The relationship between the salt/cocrystal form, the coformer used or even the length of 

the alkylic chain has been studied through DFT calculations by comparing the resulting 

interaction energies. They indicate that the H-bonds between carboxylic/carboxylate 

groups and adenine/adeninium rings (N–H···O and O–H···N) are stronger than those 

between adenines (N–H···N). The interaction energies through the Watson-Crick and 

Hoogsten faces with carboxylic groups are similar. In compound 1 the SB···SB 

interaction has been studied as it is energetically very relevant to the antiparallel 

arrangement of the salt bridges. In compound 3, the lp–π interaction involving the five-

membered ring has been investigated, demostrating by the MEP surface analysis that it is 

π-acidic. Finally, it has been shown that the so-called AEHBs between two adeninium 

moieties are basically identical to neutral HBs and that these HBs account for the 

dissociation energy when counteranions are included.
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9-Ethyladenine: Mechanochemical Synthesis, Characterization and DFT 

Calculations of Novel Cocrystals and Salts

Graphical abstract

Synopsis

Seven new cocrystals and salts of 9-ethyladenine with carboxylic acids of different alkylic 
chain length were synthesized. Their crystal structures, intermolecular interactions and 
thermal stability were analyzed together with the support of AIM and DFT calculations.
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