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Synthesis, structure determination, and formation of 

a theobromine:oxalic acid 2:1 cocrystal 

Franziska Fischera,b, Gudrun Scholzb, Lisa Batzdorfa,b, Manuel Wilkea,b, Franziska 
Emmerlinga,*  

The structure and the formation pathway of a new cocrystal theobromine:oxalic acid (2:1) is 
presented. The cocrystal was synthesised mechanochemically and its structure was solved 
based on the powder X-ray data. The mechanochemical synthesis of this model compound was 
studied in situ using synchrotron XRD. Based on the XRD data details of the formation 
mechanism could be obtained. The formation can be described as a self-accelerated (‘liquid 
like’) process from highly activated species.  
 

Introduction 

The properties of active pharmaceutical ingredients (APIs) are 
typically not optimised for their planned applications.1-3 This is 
one of the crucial issues in the development of new 
pharmaceuticals. Many APIs show insufficient bioavailability, 
which is closely related to their low water solubility. In 
addition, the polymorphism of drugs has to be considered. 
Different modification of a given compound can be formed, due 
to their similar enthalpies of formation. The crystal structure of 
a material has a determining influence on its physicochemical 
properties including melting point, stability against physical 
and chemical stress, dissolution behaviour, solubility, or 
bioavailability.4  
Polymorphs of an API can show a change of the properties or 
even in the therapeutic effects.5-7 Therefore, it remains a key 
challenge to improve the physicochemical properties of a drug. 
Crystal engineering considerations provide a possibility to 
overcome this issue.8 The formation of salts or solvates of APIs 
are typical approaches to circumvent the problem of low 
solubility.9-11 In this context, cocrystals of a given API have 
gained considerable interest in recent years. Cocrystals are two- 
or more component crystalline phases consisting of uncharged 
organic compounds, which interact via intermolecular forces.2, 

12-16 As a result of the cocrystallisation, new crystal structures 
with new physicochemical properties compared to those of the 
API emerge.17-21  
Cocrystals can be synthesised by different methods, typically 
solution based techniques are used. But these methods imply 
some disadvantages. For example, the solution based cocrystal 
formation requires a comparable solubility of the educts for a 
successful synthesis. Due to the poor solubility of the APIs 
large amounts of solvent are needed. Additionally, solvent 
molecules could be incorporated in the crystalline structure of 
the cocrystal, which complicates the control of the product.3, 22 
Mechanochemistry is an elegant way to circumvent these 
problems. Typically no or only small amounts of solvent are 
needed for the milling reactions. Furthermore, the reactions are 
very fast, nearly quantitative, and proceed without the 
formation of by-products. Several cocrystals which were not 

accessible via conventional methods could only be synthesised 
mechanochemically.23-26 Consequently, mechanochemical 
syntheses have been used increasingly in the past years. A 
detailed understanding of the underlying mechanism of the 
mechanochemical syntheses is still scarce.27, 28 Recently, Friščić 
et al. introduced a real-time and in situ monitoring of milling 
reactions using a mixer mill. These experiments provided the 
first direct insights in the formation pathways.29-31 Here, we 
present first in situ XRD study of a milling synthesis using a 
ball mill setup.  
As a model system, a new 2:1 cocrystal of the API theobromine 
(tb) and the coformer oxalic acid (ox) was used in the milling 
experiments. The in situ-investigation of the reaction was 
conducted in a Perspex grinding jar using synchrotron XRD. 
Based on the obtained data, a diffusion mechanism can be 
postulated. 

Results and discussion 

The tb:ox cocrystal in the molar ratio of 2:1 was synthesised by 
neat grinding. In contrary to the structural similar APIs 
theophylline and caffeine only a few theobromine cocrystals are 
known.3, 32, 33 The theobromine:oxalic acid (tb:ox) cocrystal 
represents an interesting model compound for further 
investigations of the formation pathway during the 
mechanochemical syntheses. The powder X-ray diffraction 
(PXRD) pattern of the new compound is depicted in Fig. 1a in 
comparison to the PXRD patterns of the reactants tb and ox 
dihydrate. The powder pattern of the cocrystal shows no 
contributions of reflections of the reagents, indicating a 
completed reaction. 
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Fig. 1 a) Powder XRD patterns of the tb:ox cocrystal (center) and the 
reactants theobromine (bottom) and oxalic acid dihydrate (top). The 
background contributions of the sample holders were corrected. b) 
bonding arrangement and c) structure of the 2:1 cocrystal tb:ox seen 
along the a-axis. The hydrogen atoms not involved in the hydrogen 
bonding were omitted for clarity. Green dashed lines indicate hydrogen 
bonds. b) Structure of the 2:1 cocrystal tb:ox seen along the a-axis. The 
hydrogen atoms not involved in the hydrogen bonding were omitted for 
clarity. Green dashed lines indicate hydrogen bonds. 

Based on the powder pattern a determination of the cocrystal 
structure followed by a Rietveld refinement was possible. The 
resulting structure is presented in Fig. 1b. The corresponding 
Rietveld refinement is shown in Fig. 2 indicating the good 
agreement between the simulated and measured powder pattern. The 
tb:ox cocrystal crystallises in the monoclinic space group P21/c 
(a = 8.89209(45) Å, b = 7.50930(28) Å, c = 15.60777(84) Å, β 
= 116.5691(38)°, V = 932.124(83)Å3). Each tb molecule is 
connected to a tb and an ox molecule via hydrogen bonds. One 
hydrogen bond is formed between the nitrogen atom of the 
secondary amine of a tb molecule and the oxygen atom from a 
carbonyl group of another tb molecule (N-H…O, 
dH…A = 2.803 Å, dD…A = 1.92 Å, ∠D-H…A = 170°), respectively, 
resulting in a ��

���� dimer (orange). An additional hydrogen 
bond (violet) is formed between the tertiary amine of a tb 
molecule and the hydroxyl group of an ox carboxyl group (O-

H…N, dH…A = 2.843 Å, dD…A = 2.12 Å, ∠D-H…A = 136°), 
leading to a twisted chain motive running along the b-axis.  

The absence of water in the crystal structure is evident from the 
DTA-TGA-measurements (Figure S3). The first DTA signal of 
the cocrystal arises at a temperature of 252 °C. At this 
temperature the ox molecules are decomposed. Since the 
decomposition temperature of ox is 50 K higher than in the 
pure sample, it can be concluded that the ox molecules are 
stabilised in the cocrystal.  
 

 
Fig. 2 Rietveld refinement of the crystal structure of the tb:ox cocrystal. 
Scattered X-ray intensity for the cocrystal tb:ox cocrystal 2:1 at ambient 
conditions as a function of diffraction angle 2θ. The observed pattern 
(black circles), the best Rietveld fit profile (red line), the reflection 
positions (blue tick marks), and the difference curve (grey line) 
between observed and calculated profiles are shown. The wavelength 
was λ = 1.54056 Å (Cu-Kα1). The R-values are Rp = 3.2%, Rwp = 4.9%; 
Rp, and Rwp refer to the Rietveld criteria of fit for profile, and weighted 
profile defined by Langford and Louer.34 

Based on PXRD data, the position of the hydrogen atoms 
cannot be determined unambiguously. In order to exclude a salt 
formation the cocrystal was investigated by Raman (Figure S1) 
and solid-state NMR (ssNMR) spectroscopy (Figure S2). In the 
Raman spectra only the band attributed to the carboxylate 
deformation vibration of ox dihydrate at 478 cm-1 shows a 
pronounced shift.35 Therefore a protonation of the tb molecules 
in the cocrystal can be excluded. The strong shift of the 
carboxylate band indicates that the ox molecules interact much 
stronger with the water in ox dihydrate than with tb molecule in 
the cocrystal. This assumption is supported by the ssNMR 
measurements. The only ssNMR signal, which shifts 
considerably in the cocrystal, is evoked by the protons of the ox 
molecules at 17.0 ppm. The shift to 14.2 ppm suggests that the 
protons of ox are not as strongly bridged in the cocrystal as in 
pure ox dihydrate. Consequently, it can be assumed that the ox 
molecules are uncharged in the cocrystal. The water signal at 
5.5 ppm disappears in the cocrystal, which reveals that no water 
molecules are incorporated in the cocrystal. Moreover, the 
observed line broadening in the 1H MAS NMR spectrum of the 
cocrystal (Figure S2, middle) supports the assumption of the 
formation of a network of additional hydrogen bonds. 
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Fig. 3 Experimental setup for collecting the powder patterns during the 
neat grinding synthesis of the tb: ox cocrystal. The sketch shows a 
Perspex grinding jar filled with two 10 mm stainless steel grinding 
balls. 

The formation of the cocrystal was observed with in situ 
synchrotron XRD. The in situ experiments were conducted at 
the micro-focus beamline µSpot (BESSY II, Helmholtz Centre 
Berlin for Materials and Energy, Germany) in transmission 
geometry using a wavelength of 1.0000 Å. A Perspex grinding 
jar (Figure 3) was used as reaction vessel. Powder diffraction 
patterns of the reaction mixture can be measured directly 
without open the grinding jar.36 XRD patterns were acquired 
every 30 s during the milling process. 
An investigation of the mechanochemical cocrystal formation 
pathway is possible since the powder patterns of the cocrystal 
and the reactants reveal well distinguishable, characteristic 
reflections. Figure 4 shows the time resolved powder patterns 
during the neat grinding of tb and ox dihydrate over a time span 
of 20 minutes. The milling reaction can be divided into three 
phases. In the first step only the reflections of the reactants tb 
and ox dihydrate are observed in the XRD patterns (phase 1). In 
the first 12 min the continuous, slow decomposition of the 
crystal structure of the reactants proceeds traceable on the basis 
of the decreasing intensity of the tb reflection at 13.5° (Figure 
S8). Afterwards the fast formation of the cocrystal proceeds 60 
s (phase 2). In this second phase reflections of the reactants are 
still detectable and decrease quickly with prolonged milling 
times. Neither the formation of a transient intermediate species 
nor a prolonged amorphisation of the reaction mixture could be 
observed during this phase. The last phase begins at a milling 
time of 13:30 min. At this point there are no crystalline educts 
detectable in the reaction mixture (phase 3). 

 

Fig. 4 Time resolved pathway of the powder patterns during the neat 
grinding synthesis of the tb:ox cocrystal. 

Different explanations for mechanochemical reactions are 
discussed in literature and three theories have to be considered: 
i) the hot spot theory, ii) the magma-plasma model, and iii) the 

reaction via diffusion. The hot spot theory is based on the 
assumption that the attrition between the surfaces causes local 
temperatures above 1000°C for short periods (10-3 - 10-4 s) on a 
molecular dimension.37-39 The magma-plasma model discusses 
local temperatures about 104 °C leading to transient plasma and 
the ejection of energy.37, 40 The third approach emphasises the 
importance of short diffusion pathways driven by an excellent 
mixing of the reactants and accelerated reaction.41 No clear 
indication for a mechanism based one of the three models could 
be found for the investigated synthesis. Keeping in mind that 
the diffusion coefficient in solid state (D ≈ 10-16 m2s-1) is 
significantly lower than the diffusion coefficient in fluid phases 
(D ≈ 10-9 m2s-1) a comparison of the conditions during milling 
with a liquid-like situation appears obvious. 
The fast transformation can be explained by a self-accelerated 
process from highly activated species completed in 60 s. This 
process leads to a direct conversion of the solid reactants to the 
product. There is no driving force based on a salt formation or 
protonation, since the cocrystal consists only of neutral 
molecules. The derived formation pathway is illustrated in 
Figure 5. 
 

 

Fig. 5 Representation of the mechanism during the milling synthesis of the 
2:1 cocrystal of tb and ox. 

Experimental  

Materials 

Theobromine, C7H8N4O2, (99%, Acros Organics, Belgium) and 
oxalic acid dihydrate, C2H2O4 · 2 H2O, (≥ 99+%, Acros Organics, 
Belgium) were purchased commercially and were used without 
further purification.  

Milling synthesis 

The synthesis of the title compound was conducted by neat 
grinding in a ball mill (MM400, Retsch, Germany) at 30 Hz for 
25 min in a molar ratio of 1.9:1 theobromine:oxalic acid 
dihydrate. A 10 mL steel vessel with two steel balls (10 mm) 
was used for a total load of 1 g.  
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XRD measurements 

The gained product was investigated by PXRD. The obtained 
powder pattern did not show any residues of the reagents. All 
X-ray diffraction experiments were carried out using a D8 
diffractometer (Bruker AXS, Karlsruhe, Germany) in 
transmission geometry (Cu-Kα1 radiation, λ = 1.54056 Å). The 
structure was solved based on the PXRD pattern using the open 
source program FOX for indexing and calculating the 
structure.42 The program CHEKCELL was used to confirm the 
unit cell and the space group.43 FOX uses global-optimisation 
algorithms to solve the structure by performing trials in direct 
space. This search algorithm uses random sampling coupled 
with simulated temperature annealing to locate the global 
minimum of the figure-of-merit factor. To reduce the total 
number of degrees of freedom, the theobromine molecule was 
set rigid. The crystal structure of the cocrystal was solved by 
the simulated annealing procedure on a standard personal 
computer within 12h finding the deepest minimum of the cost 
function several times during the procedure. To complete the 
structure determination, the structural solution obtained from 
Monte Carlo/simulated annealing was subsequently subjected 
to a Rietveld refinement employing the TOPAS software.44 
CSD-1028891 contains the supplementary crystallographic data for 
the cocrystal tb:ox cocrystal 2:. The data can be obtained free of 
charge from the Cambridge Crystallographic Data Centre via 
www.cdc.cam.ac.uk/data_request/cif 

Synchrotron measurements 

In situ measurements were performed at the micro-focus 
beamline µSpot (BESSY II, Helmholtz Centre Berlin for 
Materials and Energy, Germany) in transmission geometry. The 
powder patterns were collected with a wavelength of 1.0000 Å 
using a Si (111) double-crystal monochromator. A two-
dimensional MarMosaic CCD X-ray detector with 3072x3072 
pixels was used to record the scattering intensity. In a typical 
experiment, XRD patterns were collected for 10 s. The obtained 
scattering images were processed and converted into diagrams 
of scattered intensities versus scattering vector q (q=4π/λsinθ) 
employing an algorithm from the FIT2D software.45 For the 
graphical representations, q values were transformed to the 
diffraction angle 2θ (Cu) to provide a direct comparison to 
results obtained by XRD experiments performed with Cu 
radiation. The in situ monitoring of the synthesis of the title 
compound was conducted by neat grinding in mini mill 
PULVERISETTE 23 (Fritsch, Germany) at 30 Hz for 20 min in 
a molar ratio of 1.9:1 theobromine:oxalic acid dihydrate. A 10 
mL self-constructed Perspex vessel with two steel balls (10 
mm) was used for a total load of 1 g. Every 30 s of milling a 
powder pattern of the sample was taken. 

Raman spectroscopy 

Raman measurements were performed on a Raman RXN1™ 
Analyser (Kaiser Optical Systems, France). The spectra were 
collected using a laser with a wavelength of λ = 785 nm and a 
contactless probe head (working distance 1.5 cm, spot size 
1.0 mm). Raman spectra were recorded with an acquisition time 
of 5 s and 5 accumulations. NIR excitation radiation at 
λ = 785 nm and an irradiation of 6.6 W/cm2 were performed.  

ssNMR spectroscopy 

1H magic angle spinning (MAS) NMR spectra were recorded 
on a Bruker AVANCE 400 spectrometer using a 2.5 mm 
double-bearing MAS probe (Bruker Biospin) and applying a 
spinning speed of 20 kHz. The 1H MAS NMR spectra were 
recorded with a π/2 pulse lengths of 3.6 µs, a recycle delay of 
5 s and an accumulation number of 256. Existent background 
signals were suppressed with a phase-cycled depth pulse 
sequence according to Cory and Ritchey.46 

DTA and TGA measurements 

DTA und TGA measurements were conducted using a 
thermobalance SETARAM TAG24 in 1600 °C equipment. The 
measurements were performed in an open Pt jar in a N2/ 
synthetic air flow with a heating rate of 10 K/min. No cycle 
measurements were taken. 

Conclusions 

The crystal structure of a tb cocrystal with ox in a 2:1 ratio was 
solved from powder diffraction data. The cocrystal was 
synthesised mechanochemically. Due to the extremely poor 
solubility of tb this cocrystal could not be obtained from 
solution. Based on the Raman spectroscopy and ssNMR data 
the formation of a salt could be excluded. The synthesis 
pathway was investigated using in situ XRD and a three step 
mechanism could be derived. The experiment proved that this 
approach is feasible for the characterisation of 
mechanochemical reactions. 
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