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The creation of the cocrystal forms of physiologically active1,2 
and high-energy compounds3–6 is a problem of considerable 
current interest. The main characteristic of cocrystals (and 
bimolecular forms in general) is the complexation energy (DE ), 
and its estimation requires structure modeling in such a way that 
the resulting geometry corresponds to the global minimum of a 
potential energy surface (PES). For molecular clusters based on 
weak non-covalent interactions, the complex landscape of a PES 
and a large number of degrees of freedom make the problem of 
global optimization7 of the structure rather nontrivial. The 
approaches to its solution include a basin-hopping method,8 
genetic algorithms,9,10 etc.11 A common feature of these 
approaches is their stochastic nature, and, as a consequence, they 
not always give a global solution. On the other hand, some 
approaches12 (deterministic global optimization) allow one to 
confidently find a global minimum as a result of the complete 
screening of PES, although they are usually too expensive in 
actual practice in terms of computational resources.

In principle, the relative simplicity of bimolecular forms 
allows one to perform a systematic search for the global 
minimum on PES, provided that the energy evaluations and local 
optimizations would be fast enough. At the same time, the high 
speed calculations of energy and, as a consequence, the possibly 
approximate nature of its values can lead to an erroneous 
gradation of the energy of local minimums and an incorrect 
choice of the global one. To overcome this difficulty, a two-stage 
approach is widely used, in which the structures with a minimum 
energy found at the first stage of an approximate global search 
are then locally re-optimized on an appropriate ab initio or DFT 
level. 

The aim of this study was to test such a two-stage approach in 
modeling the structure and evaluating the complexation energy 
of organic bimolecular complexes for gas and crystal phases 
using (1) the atom–atom potentials (AAP)13 method in 

deterministic global optimization and (2) DFT with a dispersion 
correction for the structure and energy refinement of the optimal 
system configurations found in the first step. A complex of 
benzotrifuroxan with benzene (BTF–PhH) was chosen for 
testing the proposed AAP–DFT technique because it consists of 
simple symmetric molecules, including BTF (a high-energy 
compound). Moreover, this complex has an experimental base.14

According to the AAP method, the intermolecular potential U 
is the sum of the potentials Uij of pair interactions of each atom i 
of one molecule with each atom j of another. In our version of the 
method, atoms are considered as point charges, each placed at 
respective nuclei position in a molecule. The pairwise interatomic 
potential Uij is represented as the sum of Coulomb (Vij) and 
van der Waals (Wij) terms

	 (1)

where Aij, Bij and aij are empirical parameters of the Buckingham 
potential, determined by the atoms i and j involved in the 
interaction; qi and qj are atomic charges, and rij is the distance 
between the atoms i and j. Thus, for the isolated bimolecular 
complex BTF–PhH, the intermolecular potential UBTF–PhH – a 
subject of the subsequent minimization – is defined as

	 (2)

where i and j run over all atoms in BTF and benzene molecules, 
respectively. It is clear that, in such an AAP approximation, the 
energy of complex formation DEAAP coincides with the 
intermolecular potential U, the former taking into account only 
electrostatic (ES) and van der Waals (vdW) interactions.

The actual atomic charges and intrinsic geometries of 
individual molecules in the complex are extracted from the data 
of preliminary quantum-chemical calculations. The atomic 
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Based on a combination of quantum chemistry and atom–
atom potentials methods, we developed a technique for 
modeling the structure and estimating the complexation 
energy of a binary organic complex in gas and crystal phases. 
The efficiency of this technique was illustrated by an example 
of the benzotrifuroxan–benzene molecular complex. For 
both phases, the same molecular binary structure  
(ppp-stacking) was obtained with a parallel arrangement of the 
planes of BTF and benzene molecules and complexation 
energies of –11.9 and –11.7 kcal mol–1 for a gas phase and a 
crystal cluster, respectively.
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charges are selected in such a way that the electrostatic potential 
of a system of the point charges simulating a molecule differs as 
little as possible (in the root mean square sense) from the real 
(quantum-chemical) molecular electrostatic potential (MEP) 
outside the van der Waals surface of the molecule.15 In this work, 
the optimal geometries and MEPs of isolated BTF and benzene 
components were calculated at the B3LYP/6-31G(d,p) level 
using Gaussian 09.16 The point charges were then fitted to MEPs 
using the FitMEP15 program. The empirical parameters of the 
Buckingham potentials (Aab, Bab and aab) were taken from the 
FIT17 database. At this point, the analytical form of the 
intermolecular potential U and all necessary parameters for its 
minimization were defined. 

A simple reliable strategy for deterministic global optimization 
implemented in the PMC18 program was further applied. For this 
purpose, in the space group P1, a cubic cell was created with an 
initial size of (10 × 10 × 10) Å3, into which BTF and benzene 
molecules were placed. The external environment (the 
periodicity of the crystal structure) was turned off. A number of 
starting models of the binary complex were formed in such a way 
as to be evenly distributed in a configuration space large enough 
to contain all possible minima. Both molecules forming the 
complex were represented as solids, and the position and spatial 
orientation of each molecule relative to the cell were determined 
by the fractional coordinates (ai, bi, ci) of the ith (i = 1, 2) center 
of mass (COM) for the molecule and the corresponding Euler 
angles (ji, qi, yi). Their coordinates combined for both molecules 
make up a 12-dimensional configuration space (a1, b1, c1, j1, q1, 
y1, a2, b2, c2, j2, q2, y2) of the complex. While the position of a 
molecule (PhH) in the cube is fixed (e.g., a1, b1 and c1 are 
constants), the remaining nine coordinates are varied with a step 
of 1/4 for fractional coordinates of the other molecule’s COM 
and 30° for the six Euler angles, yielding a variety of 
configurations with their number bounded from above by 
~65 × 106. A great part of possible configurations is skipped or 
rejected during the process,19 namely, those equivalent to already 
generated ones due to the intrinsic symmetry of molecule(s) (C3h 
for BTF and D6h for benzene) or containing abnormally short 
intermolecular contacts. The remaining configurations of the 
complex are chosen as starting models.

Next, each of these starting models is locally optimized in the 
12-dimentional configuration space of a complex (S1–S6).† The 
minimization of the intermolecular potential U, defined with 
formula (2), is carried out by the method of variable metrics 
according to quasi-Newton20 using analytical first derivatives, 
readily available from expressions (1) and (2) for Uij and U, 
respectively (Figure 1 shows an example of the starting and 
resulting structures of the BTF–PhH complex). 

The geometry of found local minimums is compared to reveal 
and keep only unique ones, which are sorted in the order of 
increasing energy (U). The locally optimal structure with the 
lowest energy thus obtained corresponds to the global minimum 

of U, which completes the global optimization process by the 
AAP method.

When the described approach was applied to the global 
optimization of the BTF–PhH complex, only one unique local 
minimum (readily global) was found, in which the planes of BTF 
and benzene molecules are parallel to each other (p-stacking 
complex). The complexation energy (DEAAP) according to the 
AAP method was –9.6 kcal mol–1 with –2.9 (30%) and 
–6.7 kcal mol–1 (70%) contributions from ES and vdW 
interactions, respectively.

To refine the value of DE, the complex structure obtained 
with  the AAP method was re-optimized at the  
B3LYP/aug-cc-pVDZ level with Grimme’s D221 dispersion 
correction at the second stage of the two-step AAP–DFT 
approach. The complex remained in p-stacking geometry with a 
distance of ~3.2 Å between BTF and benzene planes (Figure 2, 
Table 1), while the found energy of complex formation was  
DEDFT = –11.9 kcal mol–1 (calculated as the difference of ZPE-
corrected energies of the complex EBTF–PhH and its individual 
components EBTF and EPhH: DE = EBTF–PhH – EBTF – EPhH).

One can find somewhat surprising that, according to an AAP-
based global search, the single minimum (actually, six equivalent 
ones) exists on the PES of the BTF–PhH complex since several 
geometrically distinct minimums are often located even for 
simpler bimolecular complexes (e.g., PhH–PhH22). Two 
plausible reasons could be pointed out to rationalize this result. 
First is the high symmetry of the components. For instance, 
consider the case when one H atom in benzene is replaced by D 
and one 16O in BTF, by 18O: the number of minimum-energy 
configurations fully analogous to that depicted in Figure 2 but 
nonequivalent, in principle, would be 6 · 3 = 18. The second 
reason may lie in a certain discrepancy between the interactions 
in BTF–benzene and pure van der Waals complexes, where 
electrostatics does not play an important role. While the vdW 
forces only aim to maximize the intermolecular contact surface 
area, the attractive ES interaction of p-electron rich benzene with 
BTF is possible solely in a very limited region of the 
configurational space due to the strong accumulation of negative 
charge on the electron-withdrawing periphery of the BTF 
molecule. The interplay of these factors probably leads to 
inevitable destabilization of any configuration that is far from 
vicinity of the found minimum point, where both ES and vdW 
interactions are favorable. In addition, the existence of a single 
unique energy minimum for the BTF–PhH complex was 
confirmed by the results of a DFT-based systematic PES 
scanning. 

The above approach makes it possible to estimate the 
complexation energy DE of bimolecular complexes in a gas 

†	 See Online Supplementary Materials for details.
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Figure  1  (a) Generated starting model of the BTF–PhH complex and 
(b) the resulting structure after local optimization. 
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Figure  2  Optimal geometry of the BTF–PhH complex (in three different 
projections). 

Table  1  The shortest intermolecular C∙∙∙C contacts in the BTF–benzene 
complex.

Pairs of atomsa 1–7 2–8 2–9 3–10 4–11 6–12

Distance/Å 3.204 3.302 3.335 3.225 3.240 3.256

a The numbering of atoms is shown in Figure 2.
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phase. Obviously, the geometry of intermolecular contacts in a 
crystal and respective binding energies can significantly differ 
from those found for an isolated complex. The approach 
presented below allows one to estimate the DE in a crystal 
cluster. It is based on determining the mutual orientation of 
molecules of a complex, for which the cocrystal structure is 
simulated, followed by scanning only distances between the 
geometric centers of pairs of molecules to refine the energies of 
bimolecular interactions in a crystal by quantum-chemical 
calculations. 

The geometries of starting components were taken from 
calculations by the B3LYP/aug-cc-pVDZ with Grimme’s 
dispersion correction D2.21 The point groups of molecules and 
charges were fixed: C3h for BTF and D6h for benzene. 
The cocrystal structure was simulated out by the AAP method18 
with the best model electrostatic potential for BTF and benzene 
obtained using the FitMEP15 program analogously to the above 
global optimization procedure with two principle exceptions: 
the Evald’s summation method,23 instead of simple formula (2), 
was used to determine the crystal lattice energy, which was 
minimized, and the lattice parameters were optimized in the 
course of a global minimization process.

The crystal structure of the BTF–benzene complex is known14 
but not well described. Using the AAP method, we performed a 
structural search for the crystal packing of the test cocrystal. 
The modeling was carried out in 11 symmetry groups with the 
following statistically most probable packings of molecular 
crystals and cocrystals:24,25 P21/c, P212121, C2/c, Cc, P1, P1

–
, 

Pbca, Pca21, Pna21, P21, and C2. Potential parameters of the 
Lennard–Jones (LJ) type ‘6–12’ were used for modeling 
modified26,27 to better reproduce the crystal structure of 
polynitrogen compounds.

The global minimum C-1 was found in the P21/c group (S6).† 
However, comparison of the simulated packings with X-ray 
structural data revealed that only the minimum C-2 (P21/n) 
corresponds to the experiment14. This fact may indicate the 
existence of a more stable polymorph C-1 compared to C-2. 
The  parameters of two optimal packings (reduced to 0 K) are 
given in Table 2. An example of complexation energy calculations 
for the model C-1 is presented (S12).†

The bimolecular structures of BTF with benzene were 
selected from the obtained crystal packings and a molecular 
cluster was constructed, in which BTF molecules were 
surrounded by benzene molecules with intermolecular contacts 
between them (Figure 3, to facilitate visual perception, the 
benzene molecules surrounding the BTF molecule are 
numbered). Contacts BTF–BTF and benzene–benzene were not 
included in this molecular cluster.

Then, to calculate DE, each pair of BTF and benzene 
molecules (P1–P7) was considered separately. The only scanned 
parameter was distance between the geometric centers of the 
molecules (d). In this case, the mutual orientation of the pairs of 
molecules remained unchanged in the course of scanning. 
Distances d were determined for a fixed mutual orientation of 
molecules relative to each other and were an internal coordinate 
relative to which scanning was performed. The shortest distances 

d are typical for the P6 and P7 pairs, where benzene molecules 
are located above and below the plane of the BTF molecule. On 
average, these distances are almost two times shorter than the 
other contacts between molecules in the cocrystal. Next, the 
complexation energies [formula (1), Table 3] for the complex 
orientations obtained at the previous stages of scanning along the 
coordinate (d) were calculated. 

It is obvious that, for pairs of BTF–benzene P1–P5 molecules, 
the absolute value of DE is much lower than that for pairs P6 and 
P7. This is due to the mutual arrangement of molecules, in which 
the interaction of BTF with benzene molecules in pairs P6 and 
P7 is formed by the p-stacking type. The smallest value of DE 
for the C-1 model is –11.179 kcal mol–1.

For the C-2 model (Figure 4), DE (Table 4) is consistent with 
the known X-ray structural data.14 

Tables 3 and 4 indicate that the complexation energies for the 
polymorphs (the predicted crystal packing C-1 and the 
experimental C-2) are close to each other.

The cocrystallization energy was additionally estimated using 
the MP2/aug-cc-PVDZ, for which a crystal model was 
constructed. PES scanning led to a global minimum 
corresponding to a crystal packing that coincided with the 
experimental one and, accordingly, with the results of our  

Table  2  Crystal packing parameters of a BTF–benzene cocrystal (1 : 1). 

Space group   a/Å   b/Å   c/Å   b/° ra/g cm–3 DE/ 
kcal mol–1

P21/c (C-1)   7.135 11.901 16.656 113.53 1.692 (0 K) –41.73

P21/n (C-2) 15.081   6.884 14.194 119.18 1.705 (0 K) –41.53

Exp. (P21/n) 15.3   7.36 13.75 116.2 1.579 (295 K)   –

a r is the molecular density of cocrystal; Exp.: CCDC 1319292.
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Figure  3  The shortest (red) intermolecular contacts between the BTF 
molecule and surrounding benzene molecules. 

Table  3  Complexation energies of BTF–benzene (P1–P7) pairs for C-1.

The pair 
of BTF–benzene

  P1   P2   P3   P4   P5   P6   P7

dopt /Åa   7.464   7.993   7.330   7.482   7.608     3.607     3.565
DE/kcal mol–1 –2.707 –2.238 –2.764 –2.664 –2.403 –10.885 –11.179

a Hereinafter dopt is the optimized distance between geometric centers of 
BTF and benzene molecules.

Figure  4  Packing model of BTF–benzene in C-2.

Table  4  Complexation energies of BTF–benzene (P1–P6) pairs for C-2.

The pair 
of BTF–benzene

  P1   P2   P3   P4   P5   P6

dopt /Å   7.298   7.829   8.152   8.092     3.443     3.534

DE/kcal mol–1 –2.848 –2.360 –2.441 –2.164 –11.657 –11.414
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DFT-based PES scanning, but the cocrystallization energy was 
–21.86 kcal mol–1. The difference in the calculated energies is 
understandable: the complexation energy in the cluster is 
determined by comparing the energies of the complexes; 
therefore, it is a relative value and its estimation should be 
performed within the framework of the same method and basis. 
The MP2 method is much more computer-costly than the 
methods we used; therefore, its practical application to a large 
number of objects/models of complexes remains limited. 

The approaches proposed for modeling the structure and 
calculating the energies of complexation in gas and crystal 
phases are effective. The coincidence of intermolecular 
interaction energies and the similarity of the most stable  
BTF–PhH complex structures found in the isolated and cocrystal 
phases is somewhat unexpected. This is probably due to a 
significant role of electrostatic interactions in the complex. 

The paper is dedicated to the memory of N. S. Zefirov – the 
discoverer of scientific roads, who determined the fates of his 
followers.
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