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Crystal structure of 4-oxo-4H-chromene-3-carbaldehyde (I) has been investigated from X-ray powder diffraction data
along with Hirshfeld surface analysis and associated 2D fingerprint plot. A comparison of intermolecular interaction of
related compound shows the contribution of weak intermolecular interactions tuned the supramolecular assembly forming
Ci'(5), C,'(3) polymeric chain and R;'(8), R,*(20) rings generating two-dimensional honeycomb framework. Hirshfeld
surface analysis of (I) and a few related chloro/bromo/iodo derivatives obtained from CSD also shows that moderately weak
inter molecular interactions play a significant role in crystal packing arrangement. Additionally, interpretation of Full
Interaction Map (FIM) also supports the observed packing arrangement of the title compound.

Keywords: Ab-initio structure determination, Weak intermolecular interaction, Supramolecular assembly, Hirshfeld
surface analysis, HOMO-LUMO gap, Full Interaction Map

Heterocyclic compounds have attracted significant
attention for their structural versatility and wide range
of applications in medical and biological sciences'™.
The research interest of heterocyclic compound is
growing rapidly due to their functional variation™.
Heterocyclic compounds are ring structures that
contain at least one hetero atom present in the
backbone”'’. The fusion of heterocyclic ring with
oxygen atom with dominant electron density affects
physical, chemical and biological properties of the
heterocyclic composites''. More specifically oxygen
atom containing heterocyclic are made of more
attention in organic chemistry for medicinal use as
drugs (cumarin and oxaltole), Solvent (tetrahy-
drofuran)''>. Chromene are heterocyclic compounds
fused with benzene and pyran moiety is found in a
variety of natural and synthetic compound with
several biological activities”'”. The compounds with
4H-chromene ring having double bond to a hetero
oxygen atom are the important scaffold of
pharmacological industry with wide range of
applications such as anti-bacterial'®'’, anti-viral'®,
anti-malaria'’, anti-cancer’>*, efc. In recent year,
3-formyl chromone derivatives have gained a notable
attention as a highly reactive compounds due to the

presence of keto group at C3 carbon atom and a
conjugated carbonyl group at C2 possess highly
polarised m-bond in C1-C27*,

Non covalent interactions in particular hydrogen
bond D-H... A (D=donor, A=acceptor) act as a
important role in supramolecular chemistry and
crystal engineering”2°. Supra molecular aggregation
by electronegative N and O atom is often form strong
hydrogen bonds with estimated interaction energy
15 -50 kJ/ mole and D-H...A > 160°. The hydrogen
bonds lead to the supramolecular extended assembly
built from relatively small synthon with aromatic
motifs. In addition to this strong hydrogen bond the
weak interaction C-H...O/N, C-H...n, and 7n-n
stacking moderate to low electronegativity can impact
significantly to form supramolecular motifs in organic
compounds®’. Although each interaction is relatively
weak and no precise geometry, but their combine
effect, can be modulate significantly as strong
interaction®®”. In this context, we report here the
contribution of different C-H...O intermolecular
interactions to build supramolecular assembly in
chromene derivatives. An investigation of close
intermolecular interaction in (I) and few related
chromene derivative with Z= 2 via Harshfield surface
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analysis is also presented along with quantum
mechanical calculation to investigate the molecular
geometry and their properties.

Structure determination from single-crystal X-ray
diffraction analysis is now the preferred choice.
Inherent limitation to grow single crystal of perfect
size and quality that make them unsuitable for
structural characterization. Since many valuable
compounds are only available in microcrystalline
powders, so X-ray powder diffraction method is only
reliable alternative option for crystal structure
determination. To assess the reliability of crystal
structure determination of (I) from PXRD with earlier
reported structure (code: AMITEW)™ from single
crystal structure analysis was redetermined and
compared with different molecular properties.

Experimental Section

Materials and X-ray data collection

The compound 4-oxo-4H-chromene-3-carbaldehyde
was purchased from Sigma Aldrich and utilized
directly without additional purification. X-ray powder
diffraction data of compound (I) was collected at
293(2)K using a Bruker D8 Advance powder
diffractometer with CuKa radiation (A = 1.5418 A) in
Bragg—Brentano geometry.

Indexing and structure analysis

The indexing of X-ray powder diffraction pattern
of the compound (I) was carried out using the
NTREOR program®" with full pattern decomposition
by EXP02004°*, employing the Le Bail algorithm™,
and utilizing a split-type pseudo-Voigt peak profile
function®. Statistical analysis of the powder patterns,
conducted via the FINDSPACE module in
EXPO2004, identified P,; as the most likely space
group for this compound, which was subsequently
used for the structure solution. Structure solution of
this compound was determined through global
optimization of structural models in direct-space,
based on Monte-Carlo search using the simulated
annealing technique (in parallel tempering mode), as
implemented in FOX®. The input of the initial
geometry was determined by MOPAC 9.0%.
A chemically sensible packing models with no
reasonable discrepancies between the observed and
calculated powder patterns were selected as the
starting models for the Rietveld refinement’’, which
was performed using the GSAS program®® with the
EXPGUI interface®. The background was modelled
using a shifted Chebyshev function of the first kind,

with 15 points uniformly distributed over the full
20 range for this compound. Initial refinements were
focused on the lattice constants, background
coefficients, and profile parameters, and subsequent
refinement of the positional co-ordinate of the non-
hydrogen atom. Soft restraints were applied to
maintain reasonable bond distances and angles, as
well as planarity of the molecule without aldehyde
oxygen (O13) atom to keep free to move. A constant
isotropic displacement parameter of 0.0126 A> was
applied for all non-hydrogen atoms. H atoms were
positioned in calculated locations with a common Ui,
value of 0.025 A2 In the final refinement stages, a
preferred orientation (18) correction was applied
through the generalized spherical harmonic model.

Hirshfeld surface analysis

Hirshfeld surfaces” and corresponding 2D
fingerprint plots*' were generated using Crystal
Explorer*”, which analyse the structure as a
crystallographic CIF format. Hydrogen atom bond
lengths were set to standard neutron values (C-H =
1.083 A and N-H = 1.009 A). The dpom surface is
visualized using a red—white—blue colour scale, where
bright red regions indicate shorter interactions, white
areas signify contacts near van der Waals distances,
and blue regions show an absence of close contacts.

DFT Calculations

Quantum mechanical calculations of the isolated
molecule were performed via DMol3* code
incorporated in BIOVIA DISCOVERY STUDIO
using the functional B3LYP* to optimize the
geometry of the molecule with energy minimization.
The source of initial atomic positions was picked
from final refinement cycle. The quality of the
calculation was kept in fine mode and during the
calculations, apart from the binding energy, the
HOMO and LUMO energy is also being calculated
along with their formation region inside the molecule.
Energy optimization was performed without imposing
any constraints on the structural moiety allowing the
molecule to adopt the most stable confirmation freely.

Results and Discussion

Crystal and molecular Structure

The crystal structure of (I) has been determined
using X-ray powder diffraction data. The final
Rietveld refinement plot shows a very good matching
between the experimental and calculated powder
patterns (Fig. 1), with low residual values for R, Ry,



26 INDIAN J. CHEM., JANUARY 2026

32 cycle 3295 Hist 1

PR U S ST S [N SN S N T [T ST ST SN S N S S | PSS S S IS S ST S [T ST SN S [ SN S SR S N S S 'Y
diff
60000 - Obs + -—
Calc -
bekgr F
50000 - B
40000 - -
30000 - -
>
2
2
< 20000 - -
10000 =
0 ——
P00 1 P DO M0 AL BEUO0 OO N 0 1 O A I N I R
J ) O R T e M
-10000 r L * -
T T T T T T T T T
10 20 30 40 50 60 70 80 90 100

20

Fig. 1 — Final Rietveld plot for C;,H¢Os. Black cross: observed pattern, Red curve: calculated pattern, Blue curve: difference curve.

Table 1 — Crystal data and Rietveld refinement parameters of
(I) 4-0x0-4H-chromene-3-carbaldehyde

Chemical formula CoHeO3
Formula Weight 174.15
Temperature 293(2)K
Crystal System Monoclinic
Wavelength(A) 1.5418
Space Group Py,

a(A) 17.372(1)
b(A) 5.656(1)
c(A) 3.889(2)
a(®) 90.0

B(®) 91.646(6)
Y(®) 90.0
Volume(A®) 381.954(24)
Z 2
Density(calculated) g cm ™ 1.5142
20 interval(®) 5-100
Step Size(°) 0.02
Counting time/step(s) 4

No. of background points refined 36

R, 0.09

Rw; 0.1211

Rf 0.7788

r 16.28

and y* (Table 1) having higher space group symmetry
P, (50191 hits) is more compared with the structure
determination having space group P. (in AMITEW)
(1923 hits) is one of the most frequently encountered
space group both organic and inorganic materials in
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Fig. 2 — Molecular structure of C,(HsO; with atom labelling
scheme.

crystallography. In PXRD, three-dimensional (3D)
diffraction data compressed into one dimension (1D)
leads to higher space group symmetry constitute same
chemical information considering all possible crystal
orientation on average. As a result, powder diffraction
pattern exhibits significant overlapping of peaks
makes it more challenging in ab-initio structure
determination from PXRD®. All the subsequent
analysis and discussions of compound (I) have been
reported here based on the X-ray powder diffraction
analysis.

The molecular view of title compound (I) with
atom numbering scheme is shown in Fig. 2. A summary
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of the crystallographic data along with related
refinement parameters are given in (Table 1). In the
title compound (I), non-hydrogen atoms excluding
aldehyde O atom (O13) are essentially planer with
r.m.s deviation 0.0104A with the most significant
deviation from the least square plane 0.0417A being
for the chromene-ring carbon atom (C2). However,
the aldehyde O atom (O13) is twisted from the least
square plane by the torsion angle
C1-C2-C12-013 = -51.36° and C3-C2-C12-0O13 =
121.97°. The observed bond length and angles
(Table 2) agrees well with the analogues structure
reported in the literature*®’.

The C-H...O Interaction considered as weak
hydrogen bonds based on the 3.0 <D...A<3.54A,2.2
< H..A < 28 A, and 120° < D-H...A < 180°

Table 2 — Selected bond lengths (A) and angles (°) for C;;HsO5
@

Bond lengths (A)

Cl-C2 1.387(10)
Cl1-011 1.355(9)
C2-C3 1.472(9)
C2-C12 1.353(9)
C3-04 1.278(10)
C3-C5 1.465(9)
C5-C10 1.422(9)
C10-011 1.348(10)
C12-013 1.157(10)
Bond angles (°)

C2-C1-011 122.5(6)
C1-C2-C3 120.1(5)
C1-C2-C12 122.7(6)
C3-C2-C12 116.8(6)
C2-C3-04 124.1(6)
C2-C3-C5 115.2(5)
04-C3-C5 120.6(6)
C3-C5-C10 119.4(5)
C5-C10-011 121.8(5)
C1-011-C10 120.8(6)
C2-C12-013 120.0(5)
C2-Cl12-HI2 118.9(6)
013-C12-H12 121.1(6)

Torsion angles (°)

criteria®®. As C-H...O interaction individually weaker
but their combined effect act as a strong hydrogen
bond effects in supramolecular assembly ***. In (I),
molecules are connected by different C-H...O
hydrogen bonds (Table 3). The chromene C atom
(C1) in the the molecule at (x,y,z) acts as a hydrogen
bond donor through H1 to the chromene O atom (04)
in the molecule at (x,y+1,z+1) generating an infinite
C,'(5) chain denoted by AAAA... (Fig.3) along
[011] direction. Similar hydrogen bond connected by
the benzene C atom (C6) acts as a donor to the
chromene O atom (O11) (x,y-1,z-1) generating an
infinite chain C,'(5) denoted by BBBB... propagating
along [011] direction (Fig.3). In addition to these
weak interaction another hydrogen bond produced by
aldehyde carbon atom (C12) in the molecule (X,y,z)
further connected to aldehyde O atom(O13) at (x,y,z-1)
generating another possible hydrogen bond C;'(3) chain
along CCCC... (Fig.4) [001] direction. The
combination of AAAA.... and BBBB.... chains
producing R,'(8) ring (Fig. 3). Similar R,*(20) synthon®

A § A TN
]

Fig. 3 — A view of R,'(8) ring running along the [011] direction
in CoHgOs3,
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C1-C2-CI12-013 —51362 Fig. 4 — A view of R4 20) synthon generated by C,'(5) and
C3-C2-C12-013 121.97 C,'(3) chain in the structure of C;oH¢O5,

Table 3 — Hydrogen bonding geometry (A, °) for C,oH¢O;
D-H....A d(D-H) dH....A) dD...... A) <(DHA) [Symmetry transform]
C12-H12....013 0.941 2.095 2.818 132 [X,Y,Z-1]
Cl-H1....04 0.883 2.611 3.240 128 [ X,Y+1,Z+1]
C6-H6....011 0.943 2.834 3.742 161 [X,Y-1,Z-1]
Cg...Cg - - 3.888 - [X.,Y,-1+Z]

Cg is the centroid of 6-membered ring (C5-C10)
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is generated by C,'(5) and C,'(3) chain (Fig. 4) built a
two-dimensional ~ (Fig. 5) fused supramolecular
honeycomb network. Using Aromatic Analyzer tool of
Mercury within CCDC, an analysis of the geometries
of intermolecular interaction between the aromatic
rings shows a strong m-m interaction with centroid-
centroid distance is 3.89A.

Hirshfeld surface and 2D fingerprint plot

Hirshfeld surfaces™ analyse the packing patterns and
interpretation of non-covalent interactions maintaining a
holistic approach to the entire molecule. These surfaces
are generated by dividing the crystal space into regions
where the electron density is derived from the sum of the
spherical atoms of the molecule larger than
corresponding sum across the crystal’’. 2D fingerprint
plots* provide a quantitative representation of the nature
and types of intermolecular interactions. This type of
analysis is particularly useful for identifying and
quantify both the common features and subtle variations

Lttty

Fig. 5— Two-dimensional honey-comb structure of C;,HsO; in
supramolecular framework.
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different
52,53

in  non-covalent interactions among
polymorphic form and correlated compounds

The Hirshfeld surface of the compound (I) is
depicted in Fig. 6A, with the surfaces plotted over a
dporm range of —0.5 to 1.0 A. A colour gradient was
used, where red indicates shorter d,.m values, and
blue represents longer d,,m values. The most
dominant interactions in the molecule can be visualise
in the Hirshfeld surface as red areas marked as ‘a’ due
to O13-H12 hydrogen bond and relatively weak
interaction generated by C1-H1...04 are shown in the
Hirshfeld surface are marked as ‘b’ in the title
compound (Fig. 6A).

The associated 2D fingerprint plot (Fig. 6B)
demonstrates characteristic spike in the region
1.9<d.+d<2.7 (labelled as ‘¢’ and ‘d’) resulting from
different types of C-H...O interaction. The upper spike
‘¢’ denotes the donor spike (aldehyde, chromene and
phenyl CH group H atom interacting with aldehyde and
chromene oxygen O13, O4, O11 atom) and lower spike
‘d> represents the acceptor spike (aldehyde and
chromene oxygen O13, O4, O11 atom) interacting with
aldehyde, chromene and phenyl CH group H atom)
demonstrate the characteristic weak C-H...O interaction.
It is also observed that the contribution of H-O
interaction is about 27.4% of the total surface area.
Further the wings (marked as ‘e’ and ‘f’) in the (d;,d.)
regions of (1.2A, 1.8A) and (1.8A, 1.2A) are assigned to
the C-H covalent interaction. The central spike (marked
as ‘g’) stretching upto (d;,d.) region of (1.021A, 1.036A)
in Fig. 6B reflects a high % of H-H contacts covered
32.9% of the total Hirshfeld surface area.

The relevant contributions of various intermolecular
interactions to the Hirshfeld surface were generated for
compound (I), AMITEW and for few related

06 08 TO T2 T4 T6 18 20 2272 Z24

Fig. 6 — (a). Hirshfeld surface and (b). 2D fingerprint plot of title compound (I).
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Fig. 7— The relative contributions of different intermolecular contacts to the Hirshfeld surface area in (I) and few related compounds

retrieved from the CSD.

compounds (Z=2) which were similar structure of (I)
obtained from CSD are given in (Fig. 7).

It is observed that the total relative contribution of
non-covalent interaction H-H, H-O/O-H and C-H/H-C
interaction are 75.3% for structure (I) obtained from
PXRD and 79.8% for AMITEW agrees well in the of
Hirshfield surface area (Fig. 7). Due to different type of
substituents in the phenyl ring, it provides valuable
understanding of the role of intermolecular contacts. The
similar type of contribution for related structure are
about CEGDID*'] (78%), CIVTOS™ (49%), HIXNEJ*
(51%), EPUYUL” (51%), KOICIX® (54%),
XOFDUT” (62%), SOJREQ® (48%), HOFDUD®
(30%). In this context we also study the nature and
propensity of the halogen atom in the week
intermolecular interaction which plays crucial role for
crystal engineering®®. For this purpose, we choose the
similar structure related to (I) with different halogen
substituents in the moiety. It is observed that the halogen
bond C-H...X (X= CI/Br/l) exploring a significant role in
the crystal packing. This is reflected in the relative
contribution for the halogen atom (here CLBr,I) is about
16.8%[HIXNEJ], 19.7%[EPUYUL], 18.4%[KOJCIX],
12.7%[XOFDUT], 17.4%[CIVTOS], 17.4%[SOJREQ]
and 22.6%[HOFDUD] respectively, in addition to the
relatively strong H-bond of the entire Hirshfeld surface
area. The influence of the various interactions in the
Hirshfeld surface area (Fig. 7) arises from changes in the
properties of C-H/C-X (X= CI/Br/l) bond due to high

polar nature of the latter®*.

Full Interaction Map
The Full Interaction Map (FIM) incorporated in the
CSD (version, 5.46 Nov,2024) creates three-dimensional

Fig. 8 — Analysis of Full Interaction Maps of title compound
C10H6O3.

visualization of the probabilities of different types of
intermolecular interactions within a molecule. Fig. 8
illustrates the full interaction maps for compound (I) that
exhibit preferred hydrogen bonding interactions and
provide a platform for crystal morphology analysis®*".
The blue regions of the interaction map highlight
hydrogen bond donor, red regions indicate likely
position of hydrogen bond acceptor and brown region
represent hydrophobic preferences®™. The interaction
maps are visualised using standard contour levels of
2,4,6, with increasing opacity. In this structure, FIM
reveals six distinct hotspots along with some additional
diffuse interaction region. Among these six interactions,
three high probability hydrogen bond donor regions are
identified (blue regions: interaction 1,2,3 i,e. O13..H12,
04..H1, O11...H6) and relatively less defined hydrogen
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HOMO

LUMO

Fig. 9— HOMO and LUMO population of (I).

bond acceptor regions are found (red regions: interaction
1'2'3" ie., H12...013, H1..04, H6..011). In FIM
(marked as black circle) shows the robust donor region
centered on the O13 atom of the aldehyde group which
is most predictable hydrogen bond acceptor. The
existence of weak acceptor peak indicates moderate
propensity of the H...O. Additionally small brown
region predicts higher probability of aromatic interaction
between the two phenyl rings i.e., n-n interactions. Most
expected position of the hydrogen bond acceptor and
donor map correlate well with the packing arrangement
of the title compound governed by weak intermolecular
interaction.

Electronic structure

The total binding energy of the molecule -42.25 Ha in
quantum mechanical calculation of (I). The molecular
orbital energy calculation at the B3LYP level show
Enomo (highest occupied molecular orbital) and E;ymo
(lowest unoccupied molecular orbital) values of -0.2576
Ha and -0.0843 Ha respectively. The HOMO-LUMO
energy separation indicates kinetic stability of
molecule®™. The magnitude of the HOMO-LUMO
energy gap is 4.715ev, implies high kinetic stability,
which indicates lower reactivity of the molecule. The
HOMO and LUMO population are given in Fig. 9.

Conclusions

The structure determination of (I) reveals an
interplay of weak intermolecular interactions along
with 7w-m stacking, which together contribute to
the formation of a two-dimensional honeycomb
framework. A comparison of close intermolecular
interactions and several related compounds (retrieved
from CSD) using Hirshfeld surface analysis highlights
the critical influence of these intermolecular interactions
in crystal engineering. In the quantum mechanical
calculation, the HOMO-LUMO gap in (I) (4.715ev)
indicates the higher stability and lower reactivity
pattern of the compound.
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