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Evaluation of intermolecular interactions in terms of both
experimental and theoretical charge density analyses has
produced a unified picture with which to classify strong and
weak hydrogen bonds, along with van der Waals interactions,
into three regions.

Ever since the description of bonding' between the atoms in a
molecule, the association of the molecules in a crystal lattice has
also been classified based on the strength of bonding. Among these
associating interactions, hydrogen bonds (HBs) have been
extensively studied in terms of geometry, energy, and other
thermodynamic aspects.> In a recent review,” while giving a
working definition of HB, Steiner remarks “there is no experi-
mental indication that at a critical distance the nature of X-H---A
interactions is switched from hydrogen bond to van der Waals
type”. The introduction of “synthons” as building blocks in crystal
engineering® has provided a working definition to include all
intermolecular interactions [HBs and van der Waals (vdW)
interactions] in a general framework. The theory of “Atoms in
Molecules” (AIM) recognizes the importance of bonding densities
and indeed provides a quantitative evaluation of HBs as per the
criteria of Koch and Popelier (KP).® We have evaluated the charge
density (CD) distribution in the intermolecular regions, which
comprise both HBs and other weak interactions in terms of
experimental (high-resolution X-ray diffraction datat at 90 K) and
theoretical (periodic calculation,t” DFT, B3LYP/6-31G**) CD
analyses. The results indicate a remarkable unified picture of the
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distribution of a variety of intermolecular interactions for the first
time.

The present study consists of CD analysis of nine molecular
crystals (Scheme S17), comprising 15 types of interaction (for
example O-H:--O, N-H---O, C-H---O, ©-*'7 etc.) resulting in a
total of 114 intermolecular interactions (Table 1). Among the
molecular crystals included in the analyses, six are from the
coumarin family;8 coumarin, 1-thiocoumarin, 2-thiocoumarin,
dithiocoumarin, and 3-acetylcoumarin (form A and form B),
three are small bioactive molecules;’ 2-thiouracil, cytosine
monohydrate, and salicylic acid. Earlier reports involved either
only theoretical®*!* estimates or purely experimentally'' derived
values. A couple of recent studies were based on either one type
of interaction (C—H---0)'? or a comparison between two types
of interactions (C-H---O and C-H---1).%* In order to classify
all types of interactions in molecular crystals and gain insights
into the subtle features which distinguish HBs from vdW
interactions, we have considered exclusively interactions
involving aromatic systems (except in the case of cytosine
monohydrate).

The multipole refinements are based on Hansen—Coppens
formalism,'® incorporated in the package XD.'* The interactions
have been characterized based on the first four KP of criteria,
defined using the theory of AIM.

The topological properties, such as electron density, ppg),
Laplacian, Vzpb(,,, local kinetic [G(rcp)] and potential [M(rcp)]
energy densities, and interpenetration of van der Waals spheres
[(Arp + Ara)]° correlate well with the length of the interaction line,
Rj; as can be seen from Fig. 1-4. Additionally, the negative values
of (Arp — Arn) (Table S1t) correspond to vdW interactions.®
Based on the values of R;j (~1.6 to 3.8 A) and the corresponding
values of py, (~0.3 to 0.005 ¢ A%, the continuum of HBs to vdW
interactions formed by these interactions can be classified into
three regions (Fig. 1): Region I consisting of HBs, O-H:--O,
N-H:--O, and N-H---N, defining strong HBs (R; < 2.2 A,

Table 1 Variety of hydrogen bonds and van der Waals interactions

Compound O-H---O N-H--*O N-H-*N N-H---S C-H---O C-H:*'n C-H:-*S O--*C N-*N C--:C O--*O N--:C S:-:S S---C S---N Total
Coumarin — — — — 4 9 — — — 1 — — —_ - — 14
Form A — — — — 8 9 — 5 — 9 — — - - — 31
Form B — — — — 3 — — 2 — 2 — — —_ = — 7
1-Thiocoumarin — — — — 3 3 2 1 — 2 — — — I — 12
2-Thiocoumarin — — — — 1 — 3 1 — 2 — — —_- = = 7
Dithiocoumarin — — — — — — 2 — — 4 — 2 2 — 10
2-Thiouracil — 1 — 1 — 2 1 1 1 1 — 1 — 11
Cytosine 1 2 1 — 3 — — 1 1 — — 2 e 11
Salicylic acid 1 — — — 2 — — 5 — 1 2 — —_ = = 11
Total 2 3 1 1 25 21 9 16 2 22 3 2 3 3 1 114
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Fig. 1 Exponential dependence of py [e A™] on Ry [A], the circles and triangles represent experimental and theoretical values respectively and the solid
and dashed black lines represent the corresponding fittings. The inset gives the details of the fitting models along with correlation coefficients R and the

color code for each type of interaction.

pp > 0.1 ¢ A™3), Region 2 involves N-H---S and C-H---O
interactions (2.2 A < R <28 A, 008e A7 > pp>0.02e A7),
defining weak HBs, and Region 3 defining the regime of vdW
interactions such as, C-H---n, C-H---S, and -7 (O---C, N---N,
C---C,0--0,8:--5,5--C,S---N, and N---C) with R;; > 2.8 Aand
pp < 0.05¢ A,

It is noteworthy that all the interactions follow a Morse-like
dependence of VZpp,, on R; (Fig. 2), which emphasizes the
separation between the different types of interactions. For Ry <
2.2 A, V?p,, has higher values (>2.5 ¢ A~>) which define Region 1.

In Region 2, the value of Vpy, varies in the range 1.7 to 0.4 ¢ A™>
22 A < Ry <28 A). The values of V?p, < 0.5 eA™ define
Region 3.

Fig. 3 clearly distinguishes the variation in the strengths of the
interactions. The positive values of G(rcp) > 50 kJ mol ™! bohr 3
and the negative values of M(rcp) < 35 kJ mol™' bohr > form
Region 1. The G(rcp) values (10 to 35 kJ mol ™! bohr™3) and W(rcp)
values (=25 to —7 kI mol ' bohr ) define Region 2.
The lower magnitude of G(rep) (< 12 kJ mol™! bohr ) and
V(rep) (> —8 kJ mol ™! bohr ™) lie in Region 3
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Fig. 2 Morse-like dependence of Laplacian [Vzpb(,)] (e A% on R;; [A] for 114 data points, the inset gives the details of the fitting models along with

correlation coefficients R and the color code for each type of interaction.
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Fig. 3 Exponential fitting of V(rcp) [kJ mol~! bohr ] and G(rcp) [kJ mol ! bohr ] values on R [A]
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Fig. 4 Linear dependence of (Arp + Ara) [A] on R;j [A], dotted red lines corresponds to (Arp + Ara) = 0.

Fig. 4 is an evaluation of the fourth criterion of KP, which
emphasizes the distinction between the HBs and the vdW
interactions. The linear dependence of (Arp + Ar,) in both the
regions is strikingly clear. Further, each vdW interaction is
separated and it is noteworthy that m---7 interactions, where no
H atoms are involved, show positive as well as negative values of
interpenetration and do not blend with interactions involving H
atoms.

It may be pointed out that as far as the molecular crystals are
concerned, there is a remarkable agreement between the experi-
mental and theoretical results based on the charge density and
further in a unique classification of HBs. Also, the choice of

molecular crystals analyzed here provides the classification of a
large number of interactions under one paradigm. Thus, it is
imperative that the plot in Fig. 1 is a unified picture of all
intermolecular interactions in molecular crystals. Understanding of
crystal engineering based purely on distance-angle criteria is
inadequate, thus the unified picture emphasizes the quantitative
features of strong and weak HBs as well as vdW interactions. This
approach to characterizing and fine-tuning intermolecular inter-
actions has opened a new area, “quantitative crystal engineering”,"!
which will have remarkable contributions to the future impact of
supramolecular chemistry and further towards the design of new
materials and molecular machines.
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