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A novel imidazolium-oxalate co-crystal was synthesized and characterized using spectroscopic method and single-crystal X-ray diffraction
studies. The compound crystallizes into triclinic space group (P 1) with a = 8.792(3), b = 10.814(4), ¢ = 13.024(5), oo = 82.881(9), B =
75.347(9), y = 67.811(9), a volume of V = 1108.7(7) A’and Z = 1. The X-ray diffraction studies confirms deprotonation of both the
protons from oxalic acid and the protonation of pyrimidine-type nitrogen of the imidazole ring. The crystal structure is largely stabilized
by the existence of N—H:--O and O—H:--O polar interactions between the protonated imidazole compounds and the oxalate ions. Density

findings. UV-visible spectroscopy, time dependent-DFT and density of states (DOS) studies were performed to study the optical and
electronic properties of the studied crystal. With a band gap of 1.807 eV, the organic crystal can be investigated for its applications in

organic semiconductors and optical materials.

INTRODUCTION

Organic crystals are largely investigated for their properties
in optoelectronic [ 1], photonics [2-5], chemical sensing [6,7],
explosives [8,9], gas storage [10-12], dyes and pigments [13,
14], drug delivery [15] and as linkers in MOF [ 16-18]. Imidazole
with its unique ability to act both as an acid and a base, forms
diverse polar interactions which are crucial solid structures
[19]. Numerous imidazole-based organic crystals [20-22] are
known, including benzimidazoles [23-25] and phenanthroimi-
dazoles [26-28]. Imidazole and its derivatives are being investi-
gated for organic semiconductor applications due to their uni-
que properties, structural versatility and ability to form ordered
crystalline or thin-film architectures. Their aromaticity, T-con-
jugation and hydrogen-bonding capacity make them promising
candidates for charge transport materials in organic electronics
[29-32]. Thieno-imidazole based small molecule has been
applied as hole transport materials in perovskite solar cells

functional theory (DFT) calculations demonstrated a strong correlation between the optimized constrained structure and the experimental |
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[33]. Imidazolium salts have been studied for improving the
efficiency and stability of perovskite solar cells [34,35]. Benzi-
midazole derivatives have been investigated as n-type semi-
conducting materials [36]. Phenanthroimidazole-iridinium
complexes have been studied as light-emitting electrochemical
cells [37]. The group has also synthesized several phenanthro-
imidazole crystals and have investigated their charge transport
properties [38-40].

Thus far, only a few imidazolium-oxalate co-crystals have
been known [41-43]. Like our previous study [38], we intro-
duce a new imidazolium-oxalate co-crystal, whose structure
has been confirmed with spectroscopic and single crystal XRD
studies. Extensive computational tools were utilized to study
its structure and electronic properties. UV-Visible spectroscopy
combined with TD-DFT and density of states (DOS) studies
have also been performed to understand its electronic excitation
and prediction of band gap, which are crucial for the study of
organic semiconductor and optical materials.
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EXPERIMENTAL

Synthesis and crystal structure: The reactions scheme
for the synthesis of single crystals of the studied compound is
shown in Scheme-1. Imidazole derivative (4), was synthesized
through a one-pot condensation reaction involving benzil
(4.205 g, 20 mmol) (2), 3-hydroxy-4-methoxybenzaldehyde
(3.043 g, 20 mmol) (1) and ammonium acetate (4.625 g, 60
mmol) (3), using ceric ammonium nitrate (CAN, 0.054 g, 1
mmol) as a catalyst [44]. The mixture was subjected to reflux
in ethanol for approximately 4 h, with progress monitored with
TLC. Following the reaction, the mixture was poured into ice-
cold water and the resulting precipitate was purified through
recrystallization in 90% ethanol. Imidazolium-oxalate co-
crystals (5) were subsequently obtained by heating the imida-
zole derivative (4) with equimolar amounts of oxalic acid in
ethanol and slowly cooling the solution.

Characterization: The analysis of the FT-IR spectra for
the compound was conducted in the range of 3500-500 cm™
utilizing a Bruker FTIR ALPHA instrument with KBr in pellet
form. The '"H NMR and “C NMR spectra were acquired on a
BRUKER AVANCE IIT 400 instrument, operating at 400 MHz
and 100 MHz, respectively. The UV-Visible spectroscopy was
recorded using a UV-2600i instrument, employing ethanol as
solvent.

Crystal structure analysis: The collection of XRD data
was performed using a BRUKER APEX-II CCD diffractometer
with MoKo: radiation. The solution and refinement for the cry-
stal structure were performed with SHELXS [45] and SHELXL
[46] program, respectively using Olex2 program [47].

Computational analysis using density functional theory:
DFT studies were executed on a computer system that has 24
cores, utilizing the computational chemistry software package
Gaussian [48]. Frozen phase optimization using DFT/B3LYP
functionals with 6-311G(d,p) basis sets were performed on
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2
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the crystal structure, where the surrounding molecules were
frozen, allowing only the molecules of interest to be optimized.
For normal optimization, diffusion functions were added to the
basis sets. Molecular electrostatic potential and HOMO-LUMO
studies were performed from these optimizations. Root mean
square deviation and R? correlation were calculated to compare
the theoretical structure with the experimental structure [39].
CrystalExplorer was used to analyzed intermolecular interactions
and packing in the crystal system [49]. TD-DFT studies were
performed in solvent phase (ethanol) using polarizable continuum
model for the SCRF method [50]. Band gap and DOS (density
of states) calculations were performed using Quantum Espresso
package [51]. A total of 114 atoms were considered in the unit
cell where the K-points were optimized to 422 till the energy
difference was less than 10~ The cut-off for work function is taken
as 46 and the cut-off for charge is 320. Ultrasoft pseudopotentials
were taken for all the element types.

RESULTS AND DISCUSSION

FT-IR spectroscopic studies: In the analysis of FT-IR
spectrum (Fig. 1) the bands at 1436 cm™ and 1406 cm™ are
the result of stretching of partial double bond of C=0 bond of
the oxalate ion. The O—-H and N-H stretch are assigned to the
peaks in the region around 3500-3300 cm™. The peaks at 2996
cm™ and 2913 cm™ correspond to the C-H stretch and the
prominent peak at 1019 cm™ is attributed to stretching of C-O
single bond. The '"H NMR spectrum (Fig. 2), where the shifts
for the protons of the aromatic rings appear between 6.96 and
7.89 ppm. The peak at 5.36 ppm is the proton of the hydroxy
group, while the peak at 3.76 corresponds to the hydrogens of
the methoxy group. The *C NMR spectrum (Fig. 3) shows
aromatic carbons in the range of 109.32 to 150.82 ppm. The
downfield peak at 167.60 ppm is linked to the carbon atoms
of the oxalate group, while the peak at 157.60 ppm corresponds
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Scheme-I: Reaction scheme for the synthesis and crystal growth of imidazolium-oxalate co-crystal
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Fig. 1. IR spectrum of imidazole-oxalate co-crystal
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Fig. 2. '"H NMR spectrum of imidazole-oxalate co-crystal
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Fig. 3. "C NMR spectrum of imidazole-oxalate co-crystal

to carbon at second position of the imidazole ring and the
peak at 56.68 ppm is related to the carbon of the methoxy group.

All the crystallographic information of the imidazolium-
oxalate co-crystal is shown in Table-1, which summarizes all
the details about the structure, data collection, refinement para-
meters and unit cell dimension. The crystal structure is available
at Cambridge Crystallographic Data Centre with deposition
ID as 2245588. The ortep representation of the crystal is illus-
trated in Fig. 4. The asymmetric unit of the crystal structure is
given in Fig. 4a and the unit cell is shown in Fig. 4b. The

TABLE-1
CRYSTALLOGRAPHIC DATA OF
IMIDAZOLE-OXALATE CO-CRYSTAL

CCDC Number
Moiety formula
Temperature

Z

Formula weight
Wavelength

Crystal system
Space group

Unit cell dimensions

Cell volume

Density

F(000)

Theta range for data collection
Index ranges

Reflections all

Data completeness
Refinement method
Data/restraints/parameters
GOOF

2245588

2(C,HsN,O,), C,0,, 2(C,H,0)
296 K

1

866.94 g/mol

0.71073 A

Triclinic

P-1

a=38.792(3); o.= 82.881(9)
b=10.814(4) B =75.347(9)
¢ =13.024(5) y=67.811(9)
1108.7(7) cm’

1.298 g/cm®

458

2.017 - 29.624
-11<h<11,-14<k< 14,
-17<1<17

48975

0.985

Full-matrix least-squares
5545/0/294

1.025

R1=0.0453, wR2 =0.1138
R1 =0.0609, wR2 = 0.1255

Final R indices (I > 2sigma)
R indices (all data)

distances between the nitrogen donor and the oxygen acceptors
from the oxalate and ethanol are measured at 2.7209(18) A
and 2.7206(18) A, respectively, indicating the existence of the
hydrogen bonding interactions between the protonated imida-
zolium moiety and both the oxalate ion and the solvent mole-
cule. The unit cell is composed of two molecules of protonated
imidazolium molecule, two solvent molecules and four oxalate
ions.

Asillustrated in Fig. 5, the interactions between the oxalate
ions and the protonated imidazolium compound are evident.
Each oxalate ion establishes hydrogen bonds with four mole-
cules of protonated 5-(4,5-diphenyl-1H-imidazol-2-yl)-2-
methoxy phenol, featuring N-H---O and O-H--O interactions.

Comparison of theoretical and experimental structure:
The root mean square deviation and R? analysis were conducted
to evaluate the correspondence between the theoretical structure
with experimental structure. The various structural parameters
of the experimental structure were derived from XRD data and
subsequently compared with the structure of the constrained
geometry optimization. The fragment of the structure selected
for analysis, including atom labels and numbers, is presented
in Fig. 6a. The image of constrained optimization with external
frozen geometry is shown in Fig. 6b. Table-2 provides the corre-
lation analyses results for the selected bond length and bond
angle.

The correlation values for the bond lengths are calculated
at 0.059 (RMSD) and 0.979 (R?), respectively. The primary
contributors to these deviations arise from are the N3-H4 and
N6-H7 bond lengths. Overall, the bond length parameters of
the optimized structure exhibit a strong correlation and minimal
deviation from the experimental values. The optimized struc-
ture yields an RMSD of 1.188 and an R* correlation of 0.965,
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@ (@)
Fig. 4. Ortep view of imidazole-oxalate co-crystal. (a) Asymmetric unit with hydrogen bonding interaction. (b) Unit cell diagram imidazolium
moiety coloured in magenta and yellow for clarity)

Fig. 5. Depictions of hydrogen bonding interactions in the imidazolium-oxalate co-crystal; (blue bonds) N—H---O interactions; (magenta
bonds) O—H---O interactions. Hydrogen atoms and solvent molecules are omitted for clarity
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Optimized at B3LYP/6-311G(d,p)

()

Fig. 6. Structure of imidazolium-oxalate co-crystal. (a) with atom labels (b) constrained optimized structure
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TABLE-2
BOND LENGTH AND BOND ANGLE PARAMETERS FOR CORRELATION ANALYSIS

Bond length XRD (13;) Constrained phase (13;) Bond angle XRD (°) Constrained phase (°)
N3-H4 0.860 1.0517 N3-C12-N6 106.98 105.23
N3-C12 1.343 1.3627 C12-N3-C16 109.82 111.08
N3-C16 1.381 1.3702 C12-N6-C18 110.15 110.59
C16-C18 1.365 1.3894 N6-C18-C16 106.17 104.91
N6-C18 1.388 1.4099 N3-C16-C18 106.85 108.05
N6-H7 0.860 1.0148 N3-C16-C17 122.35 121.14
N6-C12 1.335 1.3780 C24-C17-C26 119.20 119.38
C16-C17 1.476 1.4788 C24-C34-C30 120.78 120.672
C17-C24 1.385 1.4042 C26-C40-C30 119.78 119.92
C30-C34 1.374 1.3969 N6-C18-C19 122.80 122.44
C26-C40 1.381 1.3942 C22-C19-C28 118.45 116.60
C18-C19 1.471 1.4492 C28-C36-C38 119.88 121.26
C8-C12 1.459 1.4251 C22-C32-C38 120.57 120.87
C8-C20 1.386 1.4195 C9-C8-C20 119.20 117.03
Cl11-C14 1.380 1.4017 C11-C14-C20 120.39 121.31
C9-C13 1.385 1.3810 C9-C13-Cl11 119.49 121.12
01-C13 1.349 1.3846 C11-05-C42 117.16 117.13
05-Cl11 1.366 1.3792 01-C13-C9 124.35 122.11
046-C48 1.239 1.2632 046-C48-047 126.82 127.05
C48-C51 1.564 1.5647 049-C51-050 126.82 127.04
RMSD 0.059 RMSD 1.188
R-squared 0.979 R-squared 0.965

indicating a close alignment between the optimized geometry
and the reference geometry concerning variations in bond angles.
Most of the bond angles in the optimized structure display only
minor deviations, with no significant discrepancies observed
in any specific angle under comparison. The correlation results
for the dihedral parameters were obtained as 26.448 (RMSD)
and 0.889 (R?) as shown in Table-3. The deviations observed
can be attributed to the dihedrals No.1, No.2, No.3 and No.4.
Specifically, the deviations in No.1 and No.2 are caused by the
rotation along the C8-C12 bond that connects the imidazole
ring with the methoxyphenol ring. Also, the deviations in dihe-
drals No.3 and No.4 are due to the rotations around the C16-
C17 and C18-C19 bonds, which serve to bridge the imidazole
ring to the diphenyl rings.

TABLE-3
DIHEDRAL ANGLE PARAMETERS
FOR CORRELATION ANALYSIS
S. No. Dihedral angle XRD (°) Constrained phase (°)

1 N3-C12-C8-C20 -19.67 -11.97
2 N6-C12-C8-C9 -19.55 -14.44
3 N3-C16-C17-C24 -58.62 -63.67
4 N6-C18-C19-C22 -37.25 -17.15
5 C17-C16-C18-C19 -1.29 1.64
6 0O1-C13-C11-05 0.36 4.68
7 047-C48-C51-049 -0.272 -0.49
8 046-C48-C51-050 0.272 0.44

RMSD 26.44

R-squared 0.889

Electrostatic potential surface: Molecular electrostatic
potential (MEP) surface gives us a visual maps of the electro-
static potential around a molecule, indicating the positive and
negative charge distribution which relates to potential reactive
sites [52]. MEP surface can be used to interpret molecular elect-

ronic structure, reactivity and interactions of the molecule [53].
The surface is colour-coded, with red indicating nucleophilic
regions, blue for electrophilic areas and green for neutral zones.
Fig. 7 presents the MEP surface of the compound studied, where
the surfaces around the oxalate ions are highly nucleophilic
and the rest of the surfaces show slight electrophilic properties.

9 -0.126e0

P 2 T
LA 33 ;;4;

0.126e0

Fig. 7. MEP plot of imidazolium-oxalate co-crystal

Hirshfeld surface study: The Hirshfeld surface of the
studied crystal is shown in Fig. 8. The red regions in Fig. 8a-b
represents strong polar interactions between the protonated
imidazolium molecule and the oxalate ion. The two pairs of
spikes in the fingerprint plot (Fig. 9) confirms the presence of
highly polar hydrogen bonding interaction involving the oxalate
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Fig. 8. Hirshfeld surface of imidazolium-oxalate co-crystal. (a) interactions of the oxalate ion and solvent molecule with two imidazolium
molecules (b) hirsfeld surface chosen for fingerprint plot analysis
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Fig. 9. Two-dimensional fingerprint plots of imidazolium-oxalate co-crystal



Vol. 37, No. 8 (2025)

Synthesis, Crystal Structure, DFT, TD-DFT and DOS Analysis of Imidazolium-Oxalate co-Crystal 1971

ion. Although there are aromatic rings in the structure there is
no evidence of stacked m-interactions due to the absence of
red regions in the middle of the fingerprint plot.

HOMO-LUMO analysis: The characteristics of the
frontier molecular orbitals (FMOs) for the compound analyzed
is illustrated in Fig. 10. FMOs were analyzed for the compound
in liquid phase with ethanol as solvent. Charge localization at
different regions in the frontier molecular orbitals indicates a
potential for charge transfer among various moieties within
the complex. In the LUMO charge density around the oxalate
ions are missing, hence, a charge transfer from the oxalate ion
of the HOMO was observed. The complex in the liquid state
has an energy gap (AE) of 4.21 eV, indicating higher kinetic
stability and lower reactivity [54].

Electronic transitions: The experimental and theoretical
UV absorption spectrum of imidazole compound is compared
in Fig. 11. After the normalization of absorbance value of the
theoretical data, the theoretical spectrum has resemblance with
the experimental spectrum. Based on the theoretical model, the
spectrum consists of two major transitions from HOMO —

ELuwo = -1.78 6V

AE =4.21eV

Eromo = -5.99 6V

314.20 nm

| &
(T

. LUMO+1

! ! LUMO
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©
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0
200 300 400 500

Wavelength (nm)

Fig. 11. UV-Visible spectra of imidazole derivative (compound 4) (both experimental and theoretical)
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LUMO+1 at 314.20 nm and from HOMO — LUMO at 339.16
nm. The corresponding oscillator frequency and the experi-
mental wavelength of the peaks are given in Table-4.

The UV absorption spectrum of imidazole compound are
shown in Fig. 12. Based on the theoretical spectrum, there is
only a single major transition comprising of three different
transitions to the LUMO at 329.02 nm. These transitions would
involve the movement of charge densities from the oxalate to
the imidazole groups as there is absence of charge densities
around the oxalate in the LUMO. The designated experimental
wavelength and the details of the allowed transitions are listed

in Table-5. It can be concluded that the interaction with the
oxalate ion reduces the energy gap among HOMO, HOMO-1
and HOMO-2, resulting in the formation of a single major tran-
sition comprising of all these three levels.

Band gap and density of states: The band gap value and
the density of states are shown in Fig. 13. Unlike the solvent
state, the solid state of imidazolium-oxalate co-crystal has a
band gap (AE) value of 1.807 eV and can be investigated as
organic semiconductor material [55-57]. The major contribu-
tion to the HOMO is coming from the oxalate moiety (red line),
which corresponds to the TD-DFT studies where significant

TABLE-4
MAJOR ELECTRONIC TRANSITIONS OF IMIDAZOLE DERIVATIVE (COMPOUND 4)
Energy (eV) A (nm) calculated Oscillator frequency (f) A (nm) experimental Orbital transitions
3.6557 339.16 0.4914 342.17 HOMO—LUMO
3.9460 314.20 0.6140 311.67 HOMO—LUMO+1
5
Experimental
——— B3LYP/6-311++g(d,p)
4l
—5— LUMO

[0}
3
g 329.02 nm
2
©
°
9]
N
£, HOMO-1
2 HOMO-2

1

200 300 400 500 600
Wavelength (nm)
Fig. 12. UV-Visible spectra of imidazolium-oxalate co-crystal (both experimental and theoretical)
TABLE-5
MAIJOR ELECTRONIC TRANSITIONS OF IMIDAZOLIUM-OXALATE CO-CRYSTAL
A (nm) Oscillator A (nm) . L.
Energy (V) calculated frequency (f) experimental Orbital transitions

3.7076 334.23 0.0446 338.69 HOMO-2—LUMO; HOMO—LUMO

3.7422 331.31 0.0632 323.705 HOMO-2—LUMO+1; HOMO-1-LUMO+1; HOMO—LUMO+1
3.7683 329.02 0.7546 319.59 HOMO-2—LUMO; HOMO-1-LUMO; HOMO—LUMO
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Fig. 13. Graphical representation of total density of states (TDOS) and the contribution from each elemental type

charge densities in the HOMO are located around the oxalate
moiety. The higher charge densities in the HOMO-1 and HOMO-
2 in the total density of states (black line) confirm the higher
possibility of transitions from these states. The charge densities
on LUMO and LUMO+1 are located in the phenyl rings in the
imidazole compound (green lines) with is also confirm by TD-
DFT studies (Fig. 12). The high charge densities on both LUMO
and LUMO+1 (greens lines) also reaffirms the transitions to
these states as given in Table-5.

Conclusion

A novel imidazolium-oxalate co-crystal was successfully
synthesized and grown. Its structural characterization was per-
formed utilizing various spectroscopic and XRD techniques.
The structure reveals the protonation of the imidazole ring and
deprotonation of oxalic acid. Investigations into polar bonding
interactions, along with Hirshfeld surface analysis, indicate
the presence of robust N-H---O and O—H---O hydrogen bonds,
which contribute to the stabilization of the crystal structure.
Furthermore, the root mean square deviation (RMSD) and R?
correlation assessments demonstrate a strong correlation betw-
een the constrained optimized geometry and the experimental
data. The UV-visible spectroscopy illuminated the optical beha-
viour of the compound and the various electronic structure
and transitions have been studied. With the study of frontier
molecular orbitals, coupled with TD-DFT and density of states
studies, the authors recommends further investigation of the
organic crystal in the field of organic semiconductor and opto-
electronic materials.
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