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Abstract The determination of the crystal and molecular
structure of organic compounds has contributed immensely
towards the area of crystal engineering. This contributes
towards the understanding of the molecular geometry and
the different intermolecular interactions which control
crystal packing. An approach which quantifies the ener-
getics associated with the formation of different “molec-
ular pairs” is of importance to recognize the hierarchy of
intermolecular interactions present in the crystal. We
intend to explore different computational tools which
contribute towards the field of crystal engineering. In this
regard, the crystal structure of 7-hydroxy-4-methyl-2H-
chromen-2-one and its hydrate were re-determined and
their crystal packing were analyzed in terms of the inter-
action energy of different intermolecular interactions, cal-
culated by PIXEL method, contributing towards the
stabilization of the crystal packing. The system is so cho-
sen such that it allows the analysis of weak interactions like
C-H---O0, C-H:-w, m--m, Ip---m etc. in the presence of
strong O-H---O hydrogen bonds and also allows for a
systematic exploration of the effect of solvent (water in the
present case) on the crystal packing. The calculation of the
lattice energy reveals that the anhydrous form is 7 kcal/mol
more stable than the corresponding hydrate. The major
stabilization towards the crystal packing were observed to
come from strong O-H:---O=C hydrogen bonds (9 kcal/
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mol) in case of the anhydrous form while in case of its
hydrate, water acts as both an acceptor and a donor of the
hydrogen bonds, the interaction energy ranging from 5 to
9 kcal/mol. The weak C—H---O hydrogen bond were found
to be the second highest contributor (I.LE = 3.5-5.5 kcal/
mol) towards the stabilization of the packing in both the
crystal structures. The main differences in the crystal
packing were observed in the presence of weaker interac-
tions in their crystal packing. The weak C-H---m,
O(lp)---C=0 interactions were observed in the crystal
packing of the anhydrous form while the =---m, O(lp)---nt
interactions stabilize the crystal packing in case of its
hydrate. This phenomenon were further well supported by
the analysis of the Hirshfeld surfaces mapped with differ-
ent properties, 2D-fingerprint plots, electrostatic potential
mapped on the Hirshfeld surface and electron density iso-
surface (calculated by ab initio calculation at DFT-D3/
B97-D) at both solid state and optimized geometry.

Keywords Coumarin - Hirshfeld - PIXEL -
Molecular pairs - Intermolecular interactions

Introduction

Coumarin derivatives are found to exhibit a wide range of
biological activities such as anticoagulant, anti-inflamma-
tory, anti-carcinogenic, antioxidant and antibiotic activities
[1-6]. It is used as an inhibitor for protein tyrosine
phosphatase 1B, acetyl cholinesterase and monoamine
oxidase [7-9]. In addition, the 2H-chromen-2-one deriva-
tives have also received attention in the area of dye and
pigment industries as it is useful in the production of
fluorescent materials [10]. The related derivatives of these
class of compounds are also widely explored in the area of
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crystal engineering as these allows the possibility to ana-
lyse the role and influence of weaker interactions such as
C-H---O, C-H---m, n---m stacking etc. in the presence of
strong O-H:--O hydrogen bonds [11-13]. The crystal
formation is the periodic three dimensional self-assem-
bling processes in molecules. This is a spontaneous pro-
cess and proceeds through a series of molecular
recognition events. The phenomenon of the molecular
recognition process may be considered to be driven or
stabilized by the mutual interactions which can be either
strong or weak present between them during such a pro-
cess. A co-operative interplay of various intermolecular
interactions during the molecular recognition process may
also lead to formation of different solid forms of the
compound [14]. This phenomenon is popularly known as
polymorphism and may lead to changes in various phys-
ical and chemical properties of the compound such as
melting point, particle size, stability, tableting, bioavail-
ability, dissolution rates and pharmacological activity
[15].The crystal structure prediction of a given molecule
or set of molecules (cocrystals or salt or solvates) [16, 17]
and the design of a material with desirable properties are
also very important and an emerging field in the area of
crystal engineering [18]. Therefore the systematic but
extensive study of the nature of interactions which influ-
ence the process of crystal formation has now become
very important and of significance in the area of crystal
engineering. In this regard, the strong hydrogen bonds e.g.
O/N-H---O/N [19] and relatively weaker hydrogen bonds
C-H---O/N [20] are now very well studied and considered
to be most reliable forces for the recognition of molecules
in the solid state. The focus is now shifted towards the
utilization of weaker forces such as m---m [21-24] and
Ip---m [25-29] interactions in the formation of the crystal.
In recent times, weak interactions like m---m, [p---m have
become significantly important in the area of chemistry
and biology [21-29]. In the view of all the above-men-
tioned concepts, not only qualitative (based only on the
geometrical distance-angle criteria) but the quantitative
evaluation of these interactions is now a prerequisite to
enable an improved understanding of the nature of dif-
ferent intermolecular interactions [30-32]. Many compu-
tational tools have significantly contributed in this regard.
For example (1) the PIXEL method [33, 34] which is
based on empirical partitioning of the interaction energy or
cohesive energy into their Coulombic, polarization, dis-
persion and repulsion contribution, provide important
insights towards the crystal packing contributions for the
calculation of lattice energy [35, 36] (2) the analysis of the
Hirshfeld surfaces [37] and the associated 2D-fingerprint
plots [38] which provide useful visualization tool for the
analysis of intermolecular interactions and the crystal
packing behaviour of molecules in the crystal.
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In this work, the compound 7-hydroxy-4-methyl-2H-
chromen-2-one were selected for such a study because it
allows the for the formation of various weaker interactions
such as m---m and Ip---m in the presence of strong O-H---O
hydrogen bonds and relatively weaker C—H---O hydrogen
bonds. The crystallization experiments (experimental sec-
tion) in this work also resulted in the formation of a hydrate
of the title compound. The formation of the hydrate also
has a profound influence on the crystal packing of the
compound relative to that of the anhydrous form.

In this present study, we have undertaken quantitative
crystal packing analysis for the of a Coumarin derivative
(7-hydroxy-4-methyl-2H-chromen-2-one) and its hydrate.
The main focus of this study involves a detailed investi-
gation of the nature of weak interactions, namely n---m and
Ip---m with detail inputs from lattice energy and intermo-
lecular interaction calculations (with total energy being
partitioned into their Coulombic, polarization, dispersion
and repulsion contributions). In addition, Hirshfeld sur-
faces and associated 2D-fingerprint plots along with the
associated electrostatic potential [39] map provide detail
information about patterns of chemical reactivity in this
molecule.

Experimental Section

In order to isolate more than one solid state form (the
phenomenon of polymorphism) of the biologically active
compound 7-hydroxy-4-methyl-2H-chromen-2-one, the
single crystals of the purified solid [40] were grown from
different solvents [dichloromethane + hexane, tetrahydro-
furan, chloroform, acetone, acetonitrile, ethyl acetate,
2-propanol] at room temperature. The crystals obtained
from all the possible crystallizations were checked for the
presence of polymorphism. The crystal structure for the
anhydrous [41] (CHRM) and the hydrate [42]
(CHRM-H,0) have been reported previously but we have
again synthesised, purified and recrystallized the com-
pounds and re-determined the crystal structure (Table 1).
The obtained solid forms were analyzed by differential
scanning calorimeter (with Perkin Elmer DSC 6000) and
thermo gravimetric analysis (with Perkin Elmer TGA
4000) (Fig. 1a, b).

Data Collection and Structure Solution and Refinement

Single crystal X-ray diffraction data of both the crystals
(CHRM and CHRM-H,0) were collected on Bruker
Smart APEX II  diffractometer using MoKa
(A = 0.7107 A). All the crystal structures were solved by
direct methods using SIR 92 [43] and refined by the full
matrix least squares method using SHELXL.97 [44] present



Quantitative Analysis of Intermolecular Interactions

283

Table 1 Crystallographic and

refinement data Data CHRM CHRM:-H,0
Molecular formula C0HgO5 C,9Hg05.H,O
CCDC number 990313 990314
Molecular weight 176.16 194.18
Temperature (K) 298(2) 298(2)
Wavelength 0.71073 0.71073
Solvent system Chloroform, 2-propanol Acetone, THF, Acetonitrile
Crystal system Orthorhombic Monoclinic
Space group P2,2,24 P2,/n
a(A) 5.2399(1) 7.1239(6)
b (A) 11.8776(3) 11.3561(7)
¢ (A) 13.1891(4) 11.8347(9)
o B,y (9 90, 90, 90 90, 105.298(8), 90
Z/NVolume (A3)/p (g/em®) 4/820.86(4)/1.425 4/923.50(12)/1.397
F (000)/p (mm™") 368/0.106 408/0.109
Ommin, max 3.09, 24.99 2.53, 25.00
Bimin. max:Kminmax; lmin,max -5, 6; —14, 14; —15, 15 —8,8;, —13,13; —14, 14
Treatment of hydrogens Fixed Mixed
No. of reflections. 3961 7647
No. unique/observedreflections. 1394, 1326 1628, 1088
No. of parameters 121 138

R_all, R_obs
wR,_all, wR,_obs

Apmin,max (Cz&73)
GooF

0.0320, 0.0304
0.0843, 0.0830
—0.143, 0.133
1.089

0.0736, 0.0443
0.1207, 0.0963
—0.204, 0.158
1.090

in the program suite WinGX [45]. ORTEP of all the
compounds were generated using ORTEP32 [46] and
packing diagrams were generated using Mercury 3.0 [47].
Geometrical calculations were done using PARST [48] and
PLATON [49].The non-hydrogen atoms are refined
anisotropically and the hydrogen atoms bonded to C and O
atoms were positioned geometrically and refined using a
riding model with distance restraints of O-H = 0.82 A
aromatic C-H = 0.95 A, C(sp’)-H = 0.98 and with
Uiso(H) = 1.2Uo(Cyp2)/1.5U(0,Cyp3).  In case  of
CHRM H,O0, the hydrogen atoms connected to water
oxygen were located from the difference electron density
map and refined with isotropic displacement parameter.
Table 1 lists all crystallographic and refinement data.
Intermolecular interactions are listed in Table 2.

Theoretical Calculations

The lattice energies of the coumarin derivatives (CHRM)
and its hydrate (CHRM-H,0) were calculated by CLP
computer program package [version 10.2.2012] [50], the
total energy being partitioned into their Coulombic,
polarization, dispersion and repulsion contributions
(Table 3). The selected molecular pairs along with their
interactions energies (with the total interaction energy

partitioned into their Coulombic, polarization, dispersion
and repulsion contributions) were extracted from the
crystal packing. These are presented in Table 2.

Hirshfeld Surfaces and Electrostatic Potentials

Hirshfeld surfaces mapped with different properties e.g.
dnorm, shape index, curvedness etc. were generated using
CrystalExplorer 3.0 [51]. These have proven to be a useful
visualization tool for the analysis of intermolecular inter-
actions and the crystal packing behaviour of molecules,
particularly for the purpose of comparison of two or more
solid forms of a given compound [52, 53]. The 2D-fin-
gerprint plot was also generated which provides decom-
position of the Hirshfeld surfaces into contributions from
the different intermolecular interactions present in the
crystal structure. It was of interest to analyze intermolec-
ular interactions present in the crystal packing in terms of a
visual study based on electrostatic complementarities.
Therefore, the electrostatic potential (ESP) were also
mapped on the Hirshfeld surface over the range —0.01 au
(red), through O (white), to 0.01 au (blue) in this study [39].
For this purpose, ab initio wavefunctions were obtained
with a MIDI! basis set at the Hartree—Fock level and the
molecular geometries are taken directly from the relevant
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Fig. 1 a DSC plots for CHRM and CHRM-H,O0, b TGA plot of 7-hydroxy-4-methyl-2H-chromen-2-one hydrate (CHRM-H,0)

crystal structures. The ESPs mapped on the Hirshfeld
surfaces were also compared with ESPs mapped on 0.0004
au isosurface of the electron density for the isolated mol-
ecules at their solid state and optimized geometry. For this
purpose, the electron density and the ESP were calculated
by TURBOMOLE [54, 55] at DFT-D3/B97-D level of
calculation using aug-cc-pVTZ basis set and the graphics
were generated with gOpenMol 3.0 [56, 57]. The optimized
geometry of an isolated molecule have been obtained by
performing DFT calculations at the B3LYP/6-31G** using
TURBOMOLE with crystallographic coordinates as the
starting geometry.

Differential Scanning Calorimetry
and Thermogravimetry Analysis

DSC measurements show that the loss of water occurs at

87.3 °C in case of the hydrate (CHRM-H,0). Subse-
quently, both CHRM and CHRM-H,0 melt at the same

@ Springer

temperature of 188 °C (Fig. 1). The experimental mass
loss, 7.8 % in TGA analysis is comparable to the theoret-
ically calculated value of 9.1 % for the loss of one mole-
cule of water.

Results and Discussion

The ORTEP of 7-hydroxy-4-methyl-2H-chromen-2-one
(CHRM) and its mono hydrate (CHRM-H,0) with the
corresponding atom numbering scheme are presented in
Fig. 2. The water molecule in the asymmetric unit of
CHRM -H,O0 is connected via the formation of strong O—
H---Oyaeer hydrogen bond. The molecular structure of the
title compound reveals that it contains only one hydroxyl
(—OH) group present as a strong hydrogen bond donor.
The carbon atom in the ring (sp> hybridized) and the
methyl carbon (sp hybridized) atom can also act as weak
hydrogen bond donors. The molecule contains the
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Table 3 Lattice energy calculation (kcal/mol) partitioned into Coulombic, polarization, dispersion and repulsion contributionwith PIXEL

method in CLP program package

COHlp. Code ECoul EPol EDisp ERep ETO[
. CHRM —23.0 -9.7 252 30.5 274
2. CHRM-H,O —21.1 -9.0 —14.9 24.5 —20.6

Fig. 2 ORTEP diagram of a 7-hydroxy-4-methyl-2H-chromen-2-one (CHRM) and b 7-hydroxy-4-methyl-2H-chromen-2-one hydrate

(CHRM-H,0) drawn at 50 % probability level

following set of strong hydrogen bonds with the different
acceptor oxygen atoms: the first one is the carbonyl O-atom
(02), the second one is the hydroxyl oxygen (O3) and the
third one is the ester O-atom (O1). Apart from these, the -
ring can also act as a weak hydrogen bond acceptor in both
the cases. The inclusion of one water molecule in
CHRM-H,O introduces one strong hydrogen bond
acceptor (having 2 Lp.) and two strong hydrogen bond
donors. More ever, along with the possibility of formation
of strong or weak hydrogen bonds, this molecule also has
the potential to form weaker interactions such as m---m or
Ip---m in the crystal packing. The study of the nature of
these weaker interactions is the main focus in this work in
addition to the presence of strong hydrogen bonds.

Crystal Packing Analysis: Inputs from Interaction
Energy and Lattice Energy Calculations by PIXEL
Method

The compound CHRM crystallizes in the non-centrosym-
metric orthorhombic space group P2,2,2; with Z =4
(Fig. 2a). In the crystal packing of the compound, the
strong O3-H3---O2 along with weak C2—-H2---O2 hydrogen
bonds (motif I, L.E. being —9.2 kcal/mol, Fig. 3a) utilizing
2, screw axis parallel to crystallographic c-axis direct the
formation of a zigzag molecular ribbon (Fig. 3b, marked
with pink coloured tape). Such ribbons are then

@ Springer

interconnected with a similar stabilizing motif II (LE =
—3.7 kcal/mol) and motif I (I.LE = —3.6 kcal/mol,
Table 2). The motif II consists of a bifurcated weak C,o—
H---O=C and C,,3-H---O=C hydrogen bonds while a weak
Cypo—H:--Opyaroxy connects the molecules in motif III
(Fig. 3a, b). It is to be noted that the packing of the mol-
ecules in CHRM shows the involvement of the Opygrox-
y([p)---C=0 interactions (motif VI, LE = —2.2 kcal/mol,
Fig. 3a) which is involved in the formation of a molecular
chain with the utilization of 2, screw axis along the crys-
tallographic c-axis (Fig. 3b). The chain is then intercon-
nected via the Cgp3—H:--m (motif IV, LE = —3.4 kcal/mol,
Fig. 3a; Table 2) and the involvement of the motif 1.

The hydrate of 7-hydroxy-4-methyl-2H-chromen-2-one
(CHRM -H,O0) crystallizes in the centrosymmetric mono-
clinic P2,/n space group. In the asymmetric unit, one 7-
hydroxy-4-methyl-2H-chromen-2-one molecule is found to
be connected with one water molecule forming a strong
hydrogen bond with the oxygen atom of the hydroxyl
group acting as hydrogen bond donor (Fig. 2b) and
observed to be the most stabilizing molecular motif
(interaction energy being —9.0 kcal/mol)in the crystal
packing (Fig. 4a). The crystal packing of CHRM-H,O
completely differs from CHRM with the presence of water
molecule in the crystal. The molecules of 7-hydroxy-4-
methyl-2H-chromen-2-one is interconnected with water
molecules forming a 2D molecular layer down the bc plane
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Fig. 3 a The coordination
environment around the central
molecule (C-atoms are grey,
symmetry code: X, y, Z)
displaying the six structural
motifs (C-atoms are in different
colour for different molecules)
in CHRM along with the
intermolecular interactions
which connects the central

(a)
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iii
HI10A J P!

molecule with the neighbouring
molecules (from Table 2).
Symmetry codes being i —

x + 172, =y, z—1/2; ii x + 1/2,
-y + 12, —z + 2; iii x + 1/2,
—y+ 12, —z+ 1;ivx + 1,
v,z v—x+ L,y + 1/2, —z +
3/2; vi —x + 3/2, —y, z—1/2.
b Packing view down the bc
plane in CHRM displaying
strong O-H---O=C, weak
C(sp>)-H:-0=C and C(sp’)—
H---O=C hydrogen bonds.
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Fig. 4 a The coordination
environment around the
asymmetric unit in
CHRM-H,0 (C-atoms are
grey, symmetry code: X, y, z)
displaying the six structural
motifs (C-atoms are in different
colour for different molecules)
along with the intermolecular
interactions which connects the
central molecule with the
neighbouring molecules (from
Table 2). Symmetry codes
being i X, y, z; ii —x + 3/2, y—
172, —z + 1/2; iii x—1/2,

-y + 172, z—1/2; iv x + 1/2,
—y—1/2,z + 1/2; v —x + 2,
-y, —z+ Livi —x + 1, —y,
—z + 1. b Packing view down
the bc plane via strong O-H:--O
and weak C—H---O hydrogen
bonds in CHRM.H,O (left)
and extracted packing motif
displaying O—H---O hydrogen
bonds that connects 7-hydroxy-
4-methyl-2H-chromen-2-one
molecules with water in
CHRM.H,O (right). ¢ Crystal
packing showing the presence
of weak m---m interactions in the
packing of molecules in
CHRM-H,O

(Fig. 4b). The four molecules of 7-hydroxy-4-methyl-2H-
chromen-2-one and two molecules of water were found to
be interconnected via Rj(8) dimer and R}(6) [58, 59]
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hydrogen bond motifs (Fig. 4b). These were observed to
involve molecular motifs I, IT and III in the crystal packing
(Table 2). The motif I (LLE = —9.0 kcal/mol) depicts
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CHRM.H,0

Fig. 5 a Hirshfeld surface mapped with d,,o;, of CHRM (left column) and CHRM.H,O (right column) surrounded by a cluster of neighbouring
molecules. b, ¢ Hirshfeld surface mapped with shape index or curvedness of CHRM (left column) and CHRM-H,O (right column)

strong O—H---Oyqer along with the presence of weak Cip,n—
H---Oyaer hydrogen bonds while motif II (LE =
—5.9 kcal/mol) and motif III (I.LE = —5.1 kcal/mol) dis-
plays the formation of a strong Oy, —H:--O=C hydrogen
bond (Fig. 4a). Hence the O-H---O hydrogen bond with
hydroxyl group oxygen acting as a donor and the carbonyl
oxygen atom acting as an acceptor in CHRM is now
replaced in the case of CHRM.H,O with the oxygen atom
of the water molecule acting both as an acceptor for the
hydrogen atom from the hydroxyl group of the coumarin
moiety and a hydrogen bond donor for the carbonyl oxygen
in the crystal packing of CHRM-H,0. The only common
intermolecular interaction in CHRM-H,O with CHRM is
C5-H5---Opygroxy[motif IV] and is found to contribute
5.5 kcal/mol towards the stabilization of the crystal pack-
ing (Fig. 4b). Furthermore, the crystal packing of
CHRM-H,O is stabilized by the presence of weak m---1
stacking interactions (Motif V (LE = —5.2 kcal/mol) and
motif VI (LE = —4.3 kcal/mol) (Fig. 4b, c) which are
absent in the crystal packing of CHRM.

Lattice energy calculations for CHRM and
CHRM H,O reveal that the major contribution towards the
total lattice energy comes from the coulombic and

dispersion energy term (Table 3). The anhydrous form
(CHRM) is 6.8 kcal/mol more stable (Table 3) than the
hydrate (CHRM-H,0). This mainly arises due the differ-
ence in contribution from the dispersion energy in these. It
is of interest to note that the contribution from dispersion
energy in case of CHRM is 10.3 kcal/mol more than that
in CHRM-H,O (Table 3).

Analysis Hirshfeld Surfaces and Electrostatic Potentials

Hirshfeld surfaces mapped with different properties e.g.
d,orms Shape index, curvedness have been proven to be a
useful tool for the analysis of intermolecular interactions
present in the crystal packing, particularly in comparing
two different polymorphs (including solvates and hydrates)
of a compound which may involve different intermolecular
interactions in their crystal packing. Therefore it is of
interest to analyze the dissimilarity present in the crystal
packing of the anhydrous (CHRM) and hydrate
(CHRM-H,0) of the compound 7-hydroxy-4-methyl-2H-
chromen-2-one by the Hirshfeld surfaces mapped with
different properties (Fig. 5).
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Fig. 6 Electrostatic potential
mapped on the Hirshfeld
surfaces of CHRM (left
column) and

CHRM -H,O0 (right column)
over the range —0.01 au (red)
through 0.0 (white) to 0.01 au
(blue) a front view and b back
view. Electrostatic potential
mapped on 0.0004 eA”?
isosurface over the range of
—0.01au to 0.01 au calculated at
DFT-D3 (B97-D)/aug-cc-pVTZ
c at solid state geometry and

d for isolated molecule for
CHRM. The corresponding
diagram for CHRM-H,O is on
the right column. (Color figure
online)

CHRM

CHRM.H,0

The volume and the surface area of the Hirshfeld surface
for CHRM and CHRM-H,O were observed to be similar
(200.35 A%/200.38 A> vs. 201.36 A%202.07 A* for
CHRM and CHRM-H,O respectively). The red spots
(corresponds to the contacts which appeared at less than the
sum of the van der Waals radii) present on d,,,,, for
CHRM and CHRM-H,0 correspond to the different
molecular motifs in their crystal packing (Fig. 5a). The
strong network of hydrogen bonds (O3-H3---02=C9) in
motif I of CHRM is reflected as the presence of the large

@ Springer

red spot on the d,o., surface while small red dots over
dnorm surface represent weak C8-H8---O2 (motif II,
2.37 A, 161°, Table 2) hydrogen bonds (Fig. 5a, left col-
umn). It is to be noted that these corresponds to the first
two most stabilizing intermolecular interactions in CHRM
(Table 2). The presence of the big red spot over dnom
surfaces for CHRM-H,O (Fig. 5a, right column) display
the network of strong hydrogen bond between 7-hydroxy-
4-methyl-2H-chromen-2-one molecule and water mole-
cules in the crystal structure of CHRM-H,0. The analysis
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Fig. 7 2D fingerprint plots and its partition for different interactions for CHRM (left column) and CHRM-H,O (right column)
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Fig. 7 continued
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of the crystal packing revealed that the two crystal struc-
tures possessed the main differences in their crystal pack-
ing in term of weak interactions like C-H---m, Ip---m, T -1t
interactions.The Hirshfeld surface mapped with the prop-
erties shape index and curvedness were appropriate to
analyze these interactions (Fig. 5b, ¢).The big red spot on
Hirshfeld surface mapped with shape index appeared over
the heterocyclic ring (Cgl, marked with arrow) of CHRM
(Fig. 5b, left column) corresponds to the presence of C—
H---m intermolecular interaction in the crystal structure.
While the presence of adjacent red and blue triangles pairs
(Fig. 5b), right column, marked with the arrows] on the
shape index of CHRM-H,O is a characteristic feature for
the presence of m---m interactions in the crystal structure of
CHRM -H,0. Moreover curvedness surface of
CHRM-H,O shows broad and flat region over the
molecular plane characteristics for the molecular stacking
which is absent in case of CHRM (Fig. 5b, c).

To get a better understanding towards the presence of
such weak interactions (lp---m, m---w) which stabilized the
crystal packing, electrostatic potentials (ESP) were mapped
over the Hirshfeld surfaces of CHRM and
CHRM-H,O (Fig. 6). It also allowed the visual study of
electrostatic complementarities in the crystal packing. The
main difference on the ESP (mapped over the Hirshfeld
surfaces) of CHRM and CHRM-H,0 appeared over the
Cgl and Cg2 rings. It may explain the reason for the par-
ticipation of different interactions by these rings in CHRM
and CHRM-H,O (Fig. 6, left and right columns for
CHRM and CHRM:-H,O0) respectively. The electroposi-
tive region above Cgl ring is located over the carbonyl
C-atom ‘C9’ in case of CHRM (Fig. 6a, left column) while
the corresponding region (right column, marked with
arrow) in case of CHRM-H,0O was found to be extended
above the Cgl ring. It is also observed in both the cases
that there is an electronegative region over the Cg2 ring
while the region above Cgl is electropositive in nature.
With these features, associated with the ESP in both cases,
the formation of a O3(lp)---C9 = O2 (motif VI) is facili-
tated in case of CHRM as the electronegative region
around the hydroxyl oxygen atom ‘O3’was observed to be
interacting with the electropositive region at carbonyl
C-atom ‘C9’ (showing the electrostatic complementarities
in the crystal packing) (Fig. 6b, left column) while the
condition becomes more favourable for the two m---m
stacking motifs in CHRM-H,0. The first one (Fig. 6a,
right column, motif V) involves the interaction of the
electropositive region above Cgl with the electronegative
region above the Cg2 ring. A closer inspection of the ESP
for the second case (Fig. 6b, left column, for motif VI)
reveals the interaction of the electronegative region around
the hydroxyl oxygen atom ‘O3’ with the electropositive
region over Cgl ring, a possible case of Ip---m interaction.

Furthermore, the electrostatic potential mapped on the
Hirshfeld surfaces of CHRM (left column) and
CHRM-H,O (right column) were also compared with ESP
mapped on the 0.0004 au isosurface at DFT-D3 (B97-D)/
aug-cc-pVTZ at both the solid state geometry (Fig. 6¢) and
for the optimized [at DFT (B3-LYP)/6-31G**] isolated
molecule(Fig. 6d) and these appear to be similar in both
CHRM and CHRM -H,0. The Cgl ring was found to be
more electropositive than Cg2 in the ESP mapped at the
solid state geometry (for both CHRM and CHRM-H,O,
Fig. 6¢). This phenomenon is less prominent at ESP for the
optimized isolated molecule. Finally, an electropositive
region was also observed above the carbonyl C-atom in
both cases.

Fingerprint Plot Analysis

The comparisons of the 2D fingerprint plots (Fig. 7) reflect
that these are distinctly different and hence reflect different
packing motifs and intermolecular interactions in the two
cases. The plot for the CHRM-H,O appeared to be more
compact than that of CHRM. The relative contributions
due to strong O—H---O hydrogen bond, appearing as pair of
sharp spikes, over the Hirshfeld surface of the molecule are
similar in both (33.5 % in case of CHRM while 31.9 % in
case of CHRM-H,0). The main difference comes from the
contribution of weak interactions. The H---C contacts (C—
H..-m), appears as wings in the fingerprint plot, comprises
30.4 % of the surface area in CHRM with the closest
contacts at approx 2.7 A whereas in case of the hydrate it is
only 11 % with the closest contact at approx 3.1 A. More
ever, there is 9.2 % contribution coming from C---C con-
tacts (m---m) with the closest at approximately 3.4 A in case
of the hydrate, while no contribution from C---C contacts in
case of anhydrous form. This actually reflects the presence
of the weak C-H---m hydrogen bond only in CHRM while
CHRM -H,O0 consist of 7t---7 interactions which was found
to be absent in the anhydrous form. It is to be also noted
that the finger print plot for C---O interaction in CHRM
appears as a long spike (around d, = 1.40 and d; = 1.60)
hence suggesting it is may be due to the presence of
O(lp)---m interactions in CHRM. Furthermore, contribution
from the H---H contacts were observed to be the highest
towards the Hirshfeld surfaces, the contribution being 39
and 28 % in case of the hydrate and anhydrous form
respectively.

Conclusions
The comparative analysis of the crystal packing of the

coumarin derivatives and its hydrates with inputs from
lattice energy and interaction energy -calculations of
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different intermolecular interactions revealed the presence
of significant stabilization from weak interactions like C—
H---O,C-H:-'mt, n---m, Ip---m etc. towards the crystal packing
in the presence of strong O-H---O hydrogen bond. The
interaction energy was observed in the decreasing order of
stabilization as follows: O-H:--O > C-H:--O > n---n > C-
H---m > Ip---n. The analysis of electrostatic potential and
the Hirshfeld surfaces mapped with different properties are
very promising visualization tools in the study of the nature
of intermolecular interactions between molecular pairs in
the crystal packing. The two crystal structures were
observed to be differed in terms of the presence of different
weak intermolecular interactions. The weak C-H---m,
O(lp)---C=0 interactions were observed in the crystal
packing of the anhydrous form while the =---m, O(lp)---nt
interactions appears to stabilize the crystal packing in case
of its hydrate.

Thus we have established that this approach can be
applied to different classes of molecules, forming poly-
morphs and a quantitative analysis of the crystal packing,
enables an improved understanding of the origin of the
differences which exist in crystal formation.
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