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Abstract The 1:2 ratio salicylic acid/biimidazole co-crys-
tal is studied in this work. I This compound was obtained
from a flux with methanol followed by slow evaporation,
rendering colorless plates, that crystallize in the mono-
clinic system, space group P2,/n, with unit cell param-
eters a=12.0969 (4) A, b=5.0714 (1) A and c=15.4825
4) A, $=99.007(2)°, and V=938.11(4) A>. The experi-
mental characterization is achieved through X-ray diffrac-
tion structure analyzes, infrared spectroscopy (FTIR) and
thermal analysis (TGA/DSC). This characterization is
complemented by theoretical calculations at the DFT/6—
31++G(d,p) level, employing the HCTH407 functional.
Geometrical optimizations are performed and a detailed
Non-Covalent-Index analysis is carried out. It is found that
the crystal structure is maintained by conventional and
non-conventional hydrogen bonds, of the type N-H---O,
O-H---N and C-H:--O hydrogen bonds responsible for the
formation of planar supramolecular units forming R%,(9)
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rings and slip-stacked packing, which, through DFT/HCTH
calculations, are shown to stabilize the structure.

Graphical Abstract The synthesis and crystal structure
of the title compound, C,jHgN,0O3, is reported. The bimi-
dazole and salicylic acid form a co-crystal in a 1:2 ratio.
Its crystal structure is maintained by conventional and non-
conventional hydrogen bonds. Two conventional hydro-
gen bonds, of the type N-H---O and O-H---N, form planar
supramolecular unit through R?,(9) rings, the DFT/HCTH
calculations shows us that the R22(9) rings formation stabi-
lize the supramolecular structure.

Keywords Crystal structure - Hydrogen bonds - DFT
calculations - NCI analysis

Introduction

The rational synthesis of co-crystals has captured lately a
considerable amount of attention. A fundamental interest in
understanding and optimizing the molecular assembly pro-
cesses is partially responsible for it; however, this is mainly
due to the co-crystal potential applications in many areas,
particularly in medical and pharmacological ones [1].
Since the co-crystal composition and the three-dimensional
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arrangement depend on how complementarily molecular
moieties interact with each other forming supramolecu-
lar synthons, the understanding and characterization of
these intermolecular interactions in the synthons is one of
the basis in co-crystals designing. Thus, the capability of
effectively combining different synthons [2] has proved to
be a key tool for a precise construction of supramolecular
assemblies, which leads to molecular architectures of con-
siderable complexity.

Among all the types of intermolecular interactions,
hydrogen bonds (HBs), thanks to their robust and direc-
tional nature, play an important role in designing and
synthesizing co-crystals [3]. Therefore, analyzing and
understanding these interactions is important in co-crystal
characterization. Frequently HBs are described in terms of
their geometry; however, in many cases the employed geo-
metrical parameters do not explicitly involve the hydrogen
atoms [4]. Moreover, the geometric characterization usu-
ally constitutes only a first step in a description of the co-
crystals non-covalent interactions, because the dependence
of the system geometric properties on the kind or strength
of the non-covalent interaction is not free of controversy
[5]. Thus, classifying non-covalent interactions as Van
der Waals, steric clashes or hydrogen bonds, only based
in terms of pairwise distances between atoms, frequently
obtained from their Van der Waals radii, could give rise to
systematic errors, as generally overestimated HB lengths.
Therefore, nowadays more elaborate methods for analyzing
non-covalent interactions are employed, with many of these
methods based in employing the electronic density proper-
ties [6], as is the case of the Atoms in Molecules (AIM)
theory [7, 8]. This theory, among other things, considers
the fact that upon formation of atomic interactions, the
electronic density develops critical points in the interatomic
region: bond critical points (BCP). It has been evidenced
that for hydrogen bonded complexes, some many electronic
density properties evaluated at the BCP, such as the den-
sity itself, its Laplacian or the kinetic energy density, cor-
relate with the HB interaction energy [8, 9]. Another alter-
native approach is based on the analysis of the electron
localization function (ELF) [10]. This function depends
on the electron and kinetic energy density, and was devel-
oped to highlight the regions where electron localization
occurs [11]. It has been reported that the ELF bifurcation
value also correlates with the HB strength [12]. Moreo-
ver, recently a new approach, based on the analysis of the
electron density and their reduced gradient, was introduced
[13]. This allows simultaneous analysis and visualization
of a wide range of non-covalent interactions, leading to a
more detailed characterization of these interactions.

Due to their biological activity and their importance in
the crystal engineering field, supramolecular assemblies
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formed by compounds containing the 2,2'-biimidazole
moiety have been widely studied [14]. 2,2-biimidazole
possesses five possible forms: di-deprotonated (biim,),
mono-deprotonated (Hbiim), neutral (neutral, H,biim),
mono-protonated (monocation, H;biim™) and di-protonated
(dication, H4biim2+) [15]. Among them, thanks to the fact
that neutral H,biim can act as proton donor, as well as pro-
ton acceptor, it has become an organic target for construc-
tion of new co-crystals. In this manner, the H,biim could
be bound to a second component with complementary
functional groups, as Carboxylic units, to produce supra-
molecular systems: a carboxylic acid functional group may
act as proton donor—acceptor, binding to H,biim, forming
structures, as those reported by. Gao et al. [14, 16], assem-
bled through the formation of O-H:--N and N-H:--O HB
patterns, developing R%,(9) graph sets building blocks. In
this direction, Atencio et al. [17] have shown that the supra-
molecular R%,(9) synthon could be a designing tool, lead-
ing to modular self-assembly of metal-based architectures
with different dimensionality. These authors have reported
several biimidazole complexes, where both carboxylate
group oxygens may be directly attached to the N-H donors,
via a charge assisted R?,(9) heteromeric synthon. Within
this context, in this work we discuss a co-crystal, whose
asymmetric units are formed from one salicylic acid mol-
ecule and %2 neutral biimidazole molecule, with coplanar
imidazole rings. The crystal structure is analyzed in detail
and the non-covalent interactions found in this structure
are characterized beyond the geometric analysis, employ-
ing both, the AIM theory and a new Non-Covalent-Index
(NCI).

Experimental

General Procedures and Materials: Co-crystalization
of Salicylic Acid and 2,2-Biimidazole

The IR spectra were recorded on a Shimadzu FTIR spec-
trophotometer, model 8300, as KBr pellets. The multi-
component 2,2-biimidazole:salicylic acid 2:1 co-crys-
tal was prepared by mixing salicylic acid (0.12 mmol,
Aldrich, 98%) and 2,2-biimidazole (0.02 mmol). The
reagents were separately grounded with an agate pestle
and mortar, and dissolved in ethanol (60 mL). The solu-
tion was mixed and placed in a reflux system for a period
of 15 min at a constant temperature of 338 K. After
slow evaporation of the reflux solution, colorless block-
shape crystals of approximately 0.9-1.2 mm length were
obtained.
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Single Crystal X-Ray Data Collection and Structure
Determination

Single crystal X-ray diffraction analysis was carried out on a
KAPPA APEX II DUO Diffractometer, with graphite mono-
chromator and Mo-Ko radiation (A\=0.71069 A) operating
at 50 kV and 30 mA. A total of 2181 frames were collected
with 0.30° scans in ¢ and o, with an exposure time of 10 s
per frame [18].

The structure was solved and refined using the Bruker
SHELXTL Software Package [19]. The non-hydrogen atoms
were refined anisotropically, while the hydrogen atoms bound
to C atoms were placed geometrically and refined using a rid-
ing model, with C-H=0.93 A, Uiso(H)=1.2 Ueq(C) for aryl
H; and O-H=0.82 A and Uiso(H)=1.2Ueq(O).

Differential Scanning Calorimeter
and Thermogravimetric Analysis

The melting points were measured with a Mettler Toledo
TGA/DSC-1 model LF 645 instrument. Accurately weighed
samples (~0.015 mmol) were prepared in a covered alu-
minum crucible, having pierced lids to allow escape of vola-
tiles. The sensors and samples were under nitrogen purge
during the experiments, temperature calibration was carried
out and a heating rate of 283 K/min was used.

Thermogravimetric analysis also was performed on a Met-
tler Toledo TGA/DSC-1 model LF 645 instrument. Approxi-
mately 3 mg (~0.015 mmol) sample was heated from 278 to
1073 K at 283 K/min under nitrogen purge.

Theoretical Calculations

All geometrical optimizations were performed at the DFT
level of calculation, using the HCTH functional [20] and
the Gaussian09 program [21] For all the calculations, the
basis set 6-314+4+G(d,p) was employed. All the optimiza-
tions were performed using the Berni algorithm; analytical
Hessian calculations were carried out along all the optimiza-
tion process. The thresholds for convergence were 0.000450
(a.u.) and 0.000300 for maximum force and root mean square
(rms) force, respectively. Vibrational frequency calculations
were performed on the clusters to assure that the calculated
structure corresponds to a minimum. Optimization of the
biimidazole:salicylic acid complexes, with the 1:1 and 1:2
ratios was performed, with the monomer initial structures
built up by using the crystal structure bond distances and
angles measured in this work.
The binding energy, was calculated from,

AE =E,; —nE, — mEjg, (1)

where E,; is the energy of the salicylic acid-biimidazole
complex, E, and Ej are, respectively, the energies of the
optimizated monomers of salicylic acid and biimidazole,
and n and m are the number of salicylic acid and biimida-
zole molecules in the complex. It is important to mention
that this binding energy captures all non-covalent interac-
tions, such as HBs or dispersion contributions. Neverthe-
less, due to the characteristics of the studied systems, it
is assumed that the hydrogen bonding is the predominant
interaction in the stabilization process. The binding energy
per monomer, AE/s, can be defined from Eq. (1), where s is
the number of molecules in the complex.

NCI Analysis

Recently Jhonson et al. [22, 23] proposed a new approach
to study and visualize non-covalent interactions, introduc-
ing a new NCI, based on the analysis of the electron den-
sity and its reduced gradient [13, 24]. This approach allows
the description of deviations from homogeneous electron
distributions. The key function in the NCI analysis is the
reduced gradient density (RGD), which depends on the
density p and its gradient, as:

1 Vp

RGD = ——~
2(372) B P

(@)

This function has the capability to highlight interactions
on the low density, low density gradient regimes. In regions
where the density decays to zero, i.e. density tails far from
the molecules, the RGD will have large positive values;
whereas, in regions of uniform density, the RGD will
approach to zero. Consequently, the analysis of the RGD
in function of the electron density reveals the different kind
of density behaviors and chemical interactions existing
in the system. For instance, far from the nuclei, the den-
sity shows an exponentially decaying tail; thus, in a RGD
versus p plot, this region appears at low densities with the
RGD values tending to diverge. On the other hand, near the
nuclei, the density is large and the corresponding RGD
values appear at the right edge of the plot. In regions where
inter or intramolecular interactions between fragments are
present, covalent bonding or non-covalent interactions, the
electron density will display critical points, and the RGD
will become zero. A covalent bond region has a density
critical point; hence, the RGD displays a spike with RGD
~ ( at large density values, approximately between 0.2 and
0.4 a.u. In supramolecular complexes, the non-covalent
interactions also display critical points; yet, for these cases
the interaction occurs at low density regions. Thus, in RGD
versus p plots the non-covalent interactions appear as spikes
or troughs with RGD =~ 0 in the low density regions. In this
manner, the RGD and density values act as indicators of
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the interaction strength. However, the repulsive interactions
also appear in the region of low p-low RGD values. It is for
this reason that an electron density analysis is necessary to
assign the trough nature in the plot (HBs, Van der Walls,
etc). The sign of the Laplacian of the electron density, V?p,
is used to distinguish between attractive and repulsive inter-
actions. It indicates whether the net gradient flux of density
is entering (V2p < 0) or leaving (V2p > 0) an infinitesimal
volume around a reference point, which could be inter-
preted as a concentration or depletion of electron density in
the reference point, relative to the surrounding. To further
analyze the density, its Laplacian is decomposed into a sum
of contributions along the three principal axes of maximum
variation. These contributions correspond to the eigenval-
ues (1) of the Hessian matrix: V?p = A, + A, + A3, (A <
Ay < A3). These eigenvalues also allow to characterize the
electron density critical points, where Vp = 0. Thus, the
critical points are classified according to their rank, o, the
number of non-zero curvatures at the critical point, and the
algebraic sum of the signs of the Hessian eigenvalues A;, o:
(o, ©). For the stable critical points, ® = 3. There are four
types of stable critical point: (3,—3) nuclear critical point
(NCP); (3,—1) bond critical point (BCP); (3,+1) ring criti-
cal point, and (3,+3) cage critical point (CCP). At an elec-
tron density maximum (nuclei positions) the three eigen-
values are negatives. In the interatomic regions, A5 varies
along the internuclear direction, while A, and A, change in
the plane perpendicular to the A;. For bonding interactions,
characterized by an accumulation of electron density in the
internuclear region, A; < A, < 0 and A; > 0. For covalent
bonding, the negative contributions dominate and Vzp <0,
for non- covalent interactions, such as hydrogen bonds
or Van der Waals interactions, the positive contribution
is dominant and V?p > 0. In the case of hydrogen bonds,
there is an accumulation of electronic density in the inter-
nuclear region, and A, < 0, while for Van der Waals interac-
tions, the densities are very low in the internuclear region,
and the values of A, are negative and very close to 0. On the
other hand, for repulsive interactions, such as steric repul-
sion, there is electron density depletion from the internu-
clear region, and A, > 0. Therefore, analysis of the A, sign
allows distinguishing between bonding or non-bonding
interactions, while the electron density itself enables us to
assess the interaction strength.

From the previous discussion, around the critical points,
where |Vpl~0, the RGD also tends to zero, and its behav-
ior, in particular the topology of the RGD isosurfaces, is
dominated by the behavior of the IVpl topology. Bohorquez
et al. [13] showed that from the analytical expansion of the
electron density around a critical point ry=(x, ¥y, Zp), the
density gradient could be approximated as Vp(r)= (x —x;)
Muy + (@ —Yg) M, +(z—2y) Azus, where {A;} are the eigen-
values of Hessian matrix, {u;} their respective eigenvectors
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and r=(x, y, z) corresponds to a position vector, satisfying
that lr —ryl—0. After assuming that both r and r,, are repre-
sented in terms of the same basis {u,}, taking the square of
the approximate expression for Vp(r) and dividing by IVpl%,
the equation of an ellipsoid centered in r and aligned with
the local principal directions, {u;}, is obtained,

(x —x0)2 + (v —y0)2 + (z- Z0)2
a? b? c?
whose principal axes are given by: a=(IVpl/A)), b=(Vpl/
A) y ¢=(Vpl/\;). The Eq. 3 shows that the information
contained in the Hessian of the system can be translated
into 3D RGD graphical representations. Thus, around the
nuclei the magnitude of the A; are approximately the same;
hence a~b~c and p(r) around the nuclei has spherical
symmetry, for covalent bonding, A;, A,>>2A; and con-
sequently, ¢>a,b and the RGD ellipsoid has cylindrical
shape with the axis aligned with the bond path between
the bonded nuclei. For non-covalent interactions, as HB,
A, Ay<<Ag; hence c<a,b, and the RGD isosurfaces have
disc shapes, perpendicular to the bond path. For the limit-
ing case of weak interactions, such as Van der Waals inter-
actions, the RGD isosurface has a flat sprawled shape. The
information corresponding to the strength of the interaction
is provided by coloring the RGD isosurface according their

density values.

~ 1 3

Results and Discussion

Analysis of FTIR Spectra of Biimidazole:Salicylic Acid
1:2

In the salicylic acid infrared spectrum, an intense signal,
due to the C=0 vibration, is observed at 1790 cm™!, while
a wide and intense band between 2500 and 3000 cm™!, is
assigned to the O—H group. For the biimidazole IR spec-
trum, a band observed in the 3142-2632 c¢cm™! region, is
attributed to the N-H group stretching, whose signal is
expected to be between 3200-2500 cm™!, whereas a sig-
nal at 1675 cm™! is assigned to the C=C stretching, and the
band centered at 1332 cm™! is attributed to the C-N vibra-
tion. The co-crystal FTIR spectrum shows a broad band
between 3000-2400cm™', which we think corresponds to
the overlap between the carboxylic acid O-H stretching sig-
nal, and that corresponding to the N-H stretching, which
indicates the presence of intermolecular hydrogen bonds.
A less intense signal is observed at 1710 cm™!, which we
think corresponds to the shifted signal of the C=0 stretch-
ing of the carboxyl group participating in hydrogen bond-
ings. These results point to the formation of the salicylic
acid-biimidazole supramolecular heterosynthon.
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Fig. 1 Molecular struc-

ture of thel:2 co-crystal
biimidazole:salicylic acid,
showing the atom-labelling
scheme and 50% probability
displacement ellipsoid (arbitrary
spheres for H atoms)

H10
Table 1 Crystal data and refinement Table 2 Selected geometric parameters A,°)
Crystal data Salicylic acid
Formula C7 H6 03, 0.5(C6 H6 N4) 01-C6 1.266(2) C7-C12 1.399(2)
Formula weight 409.68 02-C6 1.255(2) C8-C9 1.398(3)
Crystal system Monoclinic 03-C8 1.349(2) C9-C10 1.369(3)
Space group P 2,/n (No. 14) C6-C7 1.484(2) C10-C11 1.378(3)
a, b, c(A) 12.0969(4) 5.0714(1) 15.4825(4) C7-C8 1.400(2) C11-C12 1.377(3)
/@) 99.007(2) 01-C6-02 123.72(15) 03-C8-C7 123.26(13)
V(A% 938.11(4) 01-C6-C7 117.53(14) 03-C8-C9 117.61(14)
Z 2 02-C6-C7 118.75(14) C7-C8-C9 119.14(16)
D calc (g/cm®) 1.450 C6-C7-C8 120.72(14) C8-C9-C10 120.48(19)
u (Mo-ka, mm™") 0.110 C6-C7-C12 120.32(14) C9-C10-C11 121.04(18)
F(000) 427 C8-C7-C12 119.14(16) C10-C11-C12 119.32(18)
Crystal size (mm) 0.39x0.42x0.45 C7-C12-Cl11 121.08(16)
Data collection Biimidazole
Temperature (K) 296(2) N2-C1 1.368(2) N4-C5 1.370(2)
Radiation (A) 0.71073 N2-C3 1.335(2) C1-C5a 1.352(3)
0, e 2.0,27.6 N4-C3a 1.333(2) C3-C3a 1.449(2)
Data set —15:15; —6:6; —20:19 C1-N2-C3 106.36(14) C3a-N4-C5 107.82(14)
Total, unique data, R;, 9236, 2181, 0.028 N2-C1-C5a 108.98(16) N2-C3-N4 110.24(13)
Observed data [I>2.0 sigma(I)] 1661 N2-C3-C3a 125.40(13) N4-C3-C3a 125.40(13)
Refinement N4-C5-Cla 106.60(15)
Nref, Npar 2181, 147
R, wR2, S 0.0416, 0.1436, 1.10
xi): :;jri::}:i?r;z;& /AT (1802008(;1 of the salicylic acid molecule was confirmed by meas-

Analysis of the Crystal Structure
of Biimidazole:Salicylic Acid 1:2

Figure 1 exhibits the co-crystal molecular structure and
atomic labeling scheme. The presence of the neutral form

uring the C6-02 [1.255(2) A] and C6-O1 [1.266(2) A]
bond distances; moreover, it was found that the molecule
is almost planar, with maximum deviations from the
mean least square molecular plane of 0.011(1) A on the
C6, and —0.006(1) A on the O3. For this molecule, an
intramolecular O3-H3---:O1 HB was found, which par-
ticipates in a S(6) graph set. It is obtained that the biimi-
dazole molecule is also planar, with maximum deviation
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Fig. 2 Crystal packing view: a Diagonal chains along a axis

from the mean least square molecular plane of +0.003 A,
with its center of mass located at its inversion center.
Table 1 displays the detailed crystal data and refinement
information, while in Table 2 a representative set of geo-
metrical parameters are presented. Figure 2 shows the
HB pattern observed in the co-crystal structure, which
described a R22(9) graph set, constituted by the HB inter-
actions between the salicylic acid and the biimidazole via
two HBs: O2—-H2---N2 and N4-H4---O1 [1 —x, -y, 1 —z].
A second salicylic acid molecule, related to the previous
one by an inversion center, is also bonded with the cen-
tral biimidazole through an equivalent HB pattern, estab-
lishing a second R?,(9) ring and generating another pla-
nar supramolecular unit. These two units are connected
by a non-conventional C5-H5---O3 [V2+X, Y2—y, —V2+7]
HB, and are stacked in two different directions, with a
dihedral angle of 82.28(1)°, forming an infinite supramo-
lecular chain, described by a C22(9) graph set (Table 3).

Table 3 Hydrogen bonds geometries (second to fourth columns are
distances in A, the fifth column shows the hydrogen bond angles in
degrees)

D-H---A D-H H--A DA D-H---A
03-H3---01 0.82 1.8100 2.597(2) 159.00
02-H2---N2* 1.11(3) 1.53(3) 2.574(2) 155(2)
N4-H4---01* 0.94(3) 1.74(3) 2.6558(18) 163(2)
C5-H5--03° 0.93 2.52 3.326(2) 145
N—x,-y, -z

b5 4 x, Ya—y, —V2+2z
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Let us emphasize that in this structure, the donor and
acceptor hydrogen bonding capacity of the two co-crystal
components are fully utilized.

Thermal Analysis

DSC analyses of the co-crystal, obtained after slow evap-
oration, yields an endothermic peak at 513.54 K. This
endothermic peak is different from those corresponding
to the melting points of the salicylic acid (441.45 K) or
biimidazole (>623.15 K), result that indicates the for-
mation of a co-crystal between biimidazole and salicylic
acid. Furthermore, a second peak at 625.4 K is observed,
which is attributed to the decomposition of the biimida-
zole molecule.

In the TGA analysis, thermal stability is observed until
506.15 K, where a decrease in the baseline was observed,
with a mass loss of 63.81%. This is associated with the
decomposition of the carboxylic acid. A second transition
at 625.4 K, with a mass loss of 32.92%, is related with
the biimidazole decomposition.

Equilibrium Geometry and Binding Energies
of the Biimidazole:Salicylic Acid 1:1 and 1:2 Complexes

In order to analyze the non-covalent interactions observed
in the co-crystal, we have optimized the molecular struc-
tures of the biimidazole, the salicylic acid, and the two
biimidazole:salicylic acid complexes, with ratios of 1:1
and 1:2. Table 4 displays the calculated bond distances,
corresponding to the monomer optimized geometries,
together with the difference between the theoretical and
experimental crystallographic results. It was found that

Table 4 Calculated Bond distances (A) (HCTH columns) for the sal-
icylic acid and biimidazole and difference between the calculated and
experimental bond distances (A columns)

Salicylic acid Biimidazole

Bond HCTH A Bond HCTH A
C6-01 1.351 0.093 N2-C3 1.327 —0.009
02-C6 1.236 —-0.036 C1-C5 1.379 0.020
C6-C7 1.462 —-0.024 C3-N4 1.363 0.024
C7-C8 1.423 0.016 N4-C5 1.327 0.003
C8-C9 1.405 0.001 C3-C3a 1.443 —0.005
C9-C10 1.388 0.018 N2-C1 1.367 -0.012
C10-C11 1.404 0.019

C11-C12 1.386 0.001

C7-C12 1.401 0.016

C8-03 1.340 -0.010
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the mean difference between the theoretical calculations
and the crystallographic results are 0.008 and 0.004 A for
the salicylic acid and the biimidazole, respectively, with
no significant differences between the crystallographic
and optimized geometries. For the two optimized com-
plexes, Table 5 lists the geometrical parameters character-
izing the intermolecular O—H---O, N-H---O and O-H---N
interactions. The calculated donor—acceptor distances are
larger than those found in the crystal structure. Thus, for
the intramolecular O3-H3:---O1 HB, the average differ-
ence with the crystal structure distances are 0.0127 and
0.0147 A, for the 1:1 and 1:2 complexes, respectively.
For the O2-H2--N2 and N4-H4.--O1 intermolecular
HBs, these differences are 0.060 and 0.025 A for the 1:1
complex, and 0.059 and 0.0207 A, for the 1:2 complex.
The binding energies are —15.46 and —30.97 kcal/mol,

for the 1:1 and 1:2 complexes, respectively. Since the sta-
bilization of the complexes is mainly due to the O-H---N
and N-H---O intermolecular HB formation, these results
imply an average stabilization energy per hydrogen bond
of approximately —7.7 kcal/mol. Let us point out that due
to the complex symmetries, this value is approximately
the same for both complexes.

Electron Density Analysis of the Non-covalent
Interactions Observed in Biimidazol:Salicylic Acid 1:1
and 1:2 Complexes

The quantum theory of atoms in molecules (QTAIM) [24]
is employed to investigate the non-convalent interactions in
the biimidazole:salicylic acid supramolecular units. This
theory, based in the direct analysis of the electron density

Table 5 Calculated HBs

; Complex 1:1 Complex 1:2
distances and angles for both of
the studied biimidazole:salicylic D-H H--A D---A D-H---A D-H H--A D--A D-H---A
acid complexes
03-H3---01 0.987 1.704 2.597 148.3 0.987 1.709 2.599 148.2
02-H2---N2 1.026 1.647 2.654 165.8 1.026 1.646 2.653 165.9
N4-H4---01 1.023 1.884 2.907 178.0 1.026 1.844 2.864 165.9

Fig. 3 QTAIM molecular graph for the biimidazole:salicylic acid complex. The critical points are colored according to their type (3, —3) =pur-
ple, (3, +1)=yellow and (3, —1) =orange. The bond paths are the gold lines between two (3, —3) critical points. (Color figure online)

Table 6 Properties of non-

Non-covalent Complex 1:1 Complex 1:2
covalent BCPs and bond orders
calculated for the O3-H3---O1, PrCP V2ppep BO PBCP V2ppcp BO
02-H2--N2, N4-H4---O1 and
C5-H5---03 HBs for both of the H3---01 0.0470 0.1357 0.1106 0.0464 0.1344 0.1089
studied biimidazole: salicylic H2--N2 0.0601 0.1052 0.1628 0.0602 0.1055 0.1627
acid complexes H4--01 0.0282 0.0822 0.0785 0.0312 0.0973 0.0856
H5--03 0.0083 0.0313 0.0318 - - -
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(p), allows obtaining information on the molecular behav-
ior, and on the atomic and bond properties. As discussed
above, the electron density critical points, where Vp=0,
contains information, that permits the system characteriza-
tion. In particular, the properties of BCPs serve to summa-
rize the nature of the interaction between two atoms. Since
the HB definition requires evidence of a bond formation
between the interacting fragments, it is clear that the HB
existence should be manifested by the presence of a BCP.
Along the hydrogen bond path, p decreases from the nuclei
towards the BCP, where it has a local minimum, positive
A3. Also at the BCP, the electron distribution shows a maxi-
mum in the plane perpendicular to the bond path, such that
their negative curvatures A, and A, increase with the value
of p. This growth in the magnitude of A+, is accompa-
nied by an increase in the positive amplitude, A5, satisfying
A3> 1N+, and; therefore, VZPBCP,HB>O- Thus for HBs, a
sharp electron concentration in the plane where p is maxi-
mum, leading to an increase in pgcpyp, is accompanied by
a larger p depletion along the direction of the bond path.
For the biimidazole:salicylic acid complex, Fig. 3 shows
the AIM molecular graph, exhibiting the critical points pre-
sent in the system, NCP (3, —3), RCP (3, +1) and BCP (3,
—1), and the bond path between the NCP pairs. For the two
complexes studied here, Table 6 displays the BCP proper-
ties of the intramolecular O3-H3---:O1 HB and the inter-
molecular O-H--N and N-H---O HBs, together with their
bond order. From there, one can observe that, as should
be expected, all the considered HB interactions are of the
close shell type, VZpBCR yp>0. Also, comparison of the
BCP topological properties leads to conclude that there
are no meaningful changes between the topological prop-
erties of the HBs involved in the 1:1 and 1:2 complexes.
Only a slight increase in the ppcpyp and bond order values
is observed for the H4:---O1 HB in the 1:2 complex respect
to those in the 1:1 one. This result indicates that there is no
significant difference between the cooperative effects pre-
sent in both complexes [9, 25]. Moreover, since it has been
reported that the hydrogen bond strength correlates with
accumulation of electron density between the hydrogen
and the acceptor atoms, measured by the ppcppyp value [25,
26], the strength of the considered HBs follows the order,
02-H2--N2>03-H3:--O1 > N4-H4---O1. Notice that the
two weakest HBs are those where the Ol participates as
a bifurcated acceptor, with the weakest interaction corre-
sponding to that where N4 participates as an H-donor. We
also performed a bond order calculation within the fuzzy
atom formalism introduced by Hirshfeld [27, 28]. In con-
trast to QTAIM, where molecular space is divided by sharp
boundaries, the fuzzy atom formalism takes into account
the chemically intuitive idea of shared electronic den-
sity, belonging simultaneously to a pair of bonded atoms,
i.e. it takes explicitly into account the electronic density
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polarization. Thus, within this formalism, the molecular
space is divided in atomic regions with no sharp boundaries
that instead vary continuously from one region to another.
For the considered HBs, the results in Table 6 show that the
bond orders follow the trend found for pgp. For the strong-
est O2-H2---N2 HB, the bond order is approximately the
same for both complexes; however, the results show that
the intramolecular O3-H3---O1 HB bond order slightly
decreases from the 1:1 to the 1:2 complex, whereas for the
intermolecular N4-H4---O1 HB, the opposite behavior is
observed, with the bond order increasing by approximately
10%. Thus, these results indicate that for the H4---O1 HB
the electronic delocalization increases for the 1:2 complex,
which has been shown to correlate with the HB stability,
and with an increase in the system cooperativity [9, 25].

Besides the three previously discussed conventional
hydrogen bonds, a possible non-conventional HB, of the
type C—H---O was observed. To gain insight in the char-
acteristics of this interaction, we have performed several
optimizations, starting from systems whose geometries cor-
respond, or are close, to that observed in the crystal. How-
ever, for all these cases, none of the optimized geometries
showed any stable C-H:--O interaction. As an alternative
approach, we calculated the electron density keeping fixed
the crystallographically obtained geometry. The QTAIM
analysis performed from this density has revealed the exist-
ence of a BCP between H5 and O3 (Fig. 5a). This result
may be evidence for the existence of a C5-H5---O3 interac-
tion. Again, its topological properties and the bond order
are listed in Table 6, showing that ppcpyp is an order of
magnitude lower than the conventional HBs considered,
and the bond order is the lowest for all the HBs found.

NCIT Analysis of the Biimidazol:Salicylic Acid
Non-covalent Interactions

For the biimidazole and salicylic acid molecules, and
for the 1:2 biimidazole:salicylic acid complex, we have
studied their non-covalent interactions through a RGD
function analysis. For the biimidazole molecule, Fig. 4a
shows the RGD results as a function of Sig(%,)p. Three
spikes are clearly observed. The one at the largest den-
sity, at approximately p ~ 0.06 and with RGD =0, is
associated with a molecular (3, +1) RCP. For the remain-
ing spikes, RGD # 0; hence, they are not related with any
critical point. Nevertheless, these RGD sharp variations
should be consequences of changes in the intramolecu-
lar interactions between molecular fragments. Thus, we
have studied the RGD isosurfaces, which provide a visu-
alization of the regions in real space where non-covalent
interactions take place. The obtained isosurfaces are
colored according to their interaction kind and strength,
ranging from large negative values of Sig(%,)p, colored in
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RGD (a.u.)

RGD (a.u.)

RGD (au.)

Fig. 4 Plots of RGD (p) versus sing (A,)p and RGD isosurfaces for a
bimidazole, b salicylic acid and ¢ 1:2 biimidazole:salicylic acid com-
plex. The isosurfaces correspond to RGD=0.45 a.u., over the range

red, indicative of attractive interactions, to large positive
values of Sig(A,)p, colored in blue, associated with non-
bonding or repulsive interactions. For the biimidazole

of —0.04 a.u<sing(A,) p<0.04 a.u., colored as explained in the text
(from red indicating attractive and blue repulsive interactions). (Color
figure online)

molecule, the isosurface results, corresponding to
RGD=0.45 a.u., are displayed at the bottom of Fig. 4a.
Two blue isosurfaces are observed inside the rings, one
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Fig. 5 a QTAIM molecular graph for the biimidazole:salicylic acid
complex. The critical points are colored according to their type (3,
—3)=purple, (3, +1)=yellow and (3, —1)=orange. The bond paths
are the gold lines between two (3, —3) critical points. b RGD iso-

is associated with the RCP, discussed earlier, whereas the
other one, near the ring C—C bond, is related to a weak
repulsion between the nitrogen atoms electron lone pairs.
A third kind of isosurface, colored in gray, corresponds
to a weak attractive N---H interaction. For the salicylic
acid molecule, the NCI interaction results are displayed
in Fig. 4b. The RGD vs Sig(A,)p plot shows a more com-
plex pattern than that found in the previous case. Two
attractive intramolecular interactions are observed. One
of them is associated with a (3, —1) BCP, corresponding
to the O3-H3---O1 hydrogen bond. The second spike, at
smaller density and RGD #0, is associated with a weak
attractive interaction between the oxygen of the hydroxyl
group and the hydrogen in the ring orfo position. The
RGD results for positive Sig(A,)p values, show two close
spikes, which are associated with two RCPs, one corre-
sponding to the benzene ring, and the other one to the
hydrogen bond ring including O3-H3---O1 HB. A third
spike, with RGD #0, observed at larger Sig(A,)p value,
may be related with a a weak interaction C12-H12---O2.
All these interactions may be visualized in the 3D RGD
isosurface plot, shown at the bottom of Fig. 4b. A red
disk is observed between the H3 and O1 atoms, aris-
ing from the O3-H3.--O1 HB, and another pink disk is
observed, related to the C12-H12---O2 weak interaction.

surfaces corresponding to RGD=0.40 a.u., over the range of —0.04
a.u<sing (A,) p<0.04 a.u, colored as explained in the text (Red indi-
cate attractive and blue repulsive interaction). (Color figure online)

This figure clearly shows two blue rings, correspond-
ing to RCPs, one at the benzene center and the other
one enclosed by the intramolecular hydrogen bond
03-H3---:0O1. A fifth light blue isosurface, quite close
to the pink disk, may be associated with the electronic
redistribution arising from the formation of the weak
interaction C12-H12---O2. Figure 4c displays the RGD
results for the biimidazole:salicylic acid 1:2 complex. A
comparison of the complex NCI data plot with those of
the monomers reveals an even more complicated pattern
than those observed for each of the monomers. First, the
negative side of Sig(A,)p (attractive interactions) shows
four spikes. Three of them are associated with conven-
tional hydrogen bonds, whose strengths decrease as
02-H2.-\N2>03-H3:--O1 > N4-H4---O1. These inter-
actions may be visualized in 3D RGD isosurface plots,
displayed at the bottom of Fig. 4c and in Fig. 5b. In
these Figures, the previous complex attractive interac-
tions correspond to red discs. Also, the C12-H12.--O2
and C5-H5---O3 weak interactions are observed as light
pink disks; moreover, from Fig. 4c is possible to assign a
(3,—1) BCP to the interaction C5-H5---O3 (Fig. 5a), with
pecp~0.0083 a.u. It is interesting to compare this value
with that found for the intermolecular N4-H4---O1 hydro-
gen bond, where ppcp~0.0318 a.u., which quantitatively

Fig. 6 Results for the RGD isosurfaces, with RGD=0.50 a.u., in a
system constituted by two layers of the planar biimidazole:salicylic
hydrogen bonded entities as observed in the crystal. The RGD values
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are in the —0.03 a.u<sing(%,) p<0.03 a.u. range, and are colored as
explained in the text (from red indicating attractive to blue repulsive
interactions). (Color figure online)
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evidences that even the weakest conventional hydrogen
bond is significantly stronger than the non-conventional
C5-H5:--03 hydrogen bond. Finally, Fig. 6 presents the
RGD isosurfaces for the interaction between two 1:2
biimidazole:salicylic entities, as observed in the crystal.
This Figure clearly shows zones of attractive interactions
intercalated with others of repulsive interactions. It can
be easily visualized from all the RGD isosurface plots
(Figs. 4, 5) that the hydrogen bond interactions are local,
whereas n—n interactions (Fig. 6) are delocalized, this
would give rise to cooperativity effects on the stabiliza-
tion of the crystal [29].

Summary

The crystallographic results show that bimidazole and sali-
cylic acid form a co-crystal in a 1:2 ratio. The crystal struc-
ture features conventional and non-conventional hydrogen
bonds, including hydrogen bonds of the type N-H---O and
O-H--N, forming planar R%(9) ring units that are further
linked via & stacking, and by a non-conventional hydrogen
bonding of the type C-H:-O. The DFT/HCTH -calcula-
tions reproduced the main features of the crystal structure,
including the hydrogen bond patterns. Through these calcu-
lations was possible to obtain the stabilization energy per
molecule. It is noteworthy that in spite of hydrogen bond
network evidenced throughout the structure, the theoretical
calculations have not revealed the existence of significant
cooperative enhancement in the 1:2 co-crystal formation.
Finally, the analysis of the topological properties of the
electron density, together with the formulation of a NCI, as
the reduced gradient density function employed here, have
proven to be a powerful tool to study the nature and char-
acteristics of non-convalent interactions responsible for the
formation of many crystallographic structures. In particu-
lar, the NCI allows quite effectively visualizing and classi-
fying non-covalent interactions existing in supramolecular
systems.

Supporting Information Available

X-ray crystallographic data for this structure has been
deposited at the Cambridge Crystallographic Data Center
under code CCDC 1012902.
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