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ABSTRACT

The crystal packing of the title compound is stabilized by intra and intermolecular O—H---N and C-H---O

hydrogen bonds. This system of hydrogen bonds involves two neighboring molecules in the same plane. The geometric

parameters of 3-acetylanilinium dihydrogen phosphate [3-2ADP] compound in ground state, calculated by density
functional theory (B3LYP) and Hartree-Fock (HF) methods with the 3-21G basis set, are in good agreement with
the X-ray study, because of the geometry of the crystal structure is subject to intermolecular forces, such as van der

Waals interactions and crystal packing forces, while only intramolecular interactions were considered for isolated

molecule. The energy gap was found using HOMO and LUMO calculations, the less band gap indicates an eventual

charge transfer within the molecule.

Keywords: Hartree-Fock, Dos, hydrogen bonding, HOMO, LUMO, Hirschfeld surfaces.

INTRODUCTION

Organic-inorganic crystals typically have attractive
characteristics of nonlinear optical behavior. However,
their mechanical and thermal properties for devices are
inadequate. In comparison, inorganic crystals have the
higher mechanical properties and thermal stability. Their
optical nonlinearity in nature is mild [1 - 3]. Combined
organic and inorganic properties shall be shared by the
semi-organic class of materials produced by combining
inorganic acid and organic ligand. Due to the flexibility
of these structures, organic-inorganic hybrid materials
received considerable attention, which gives a rich and
fertile playground for the elaboration of interesting
crystal structure with different physical properties.
Furthermore, there are many interesting aspects of
inorganic and organic phosphate chemistry. These
hybrids and their derivatives received considerable
attention due to their interesting dielectric properties [4],
optoelectronic [5], etc. It should be noted that phosphate

and its derivatives are in commercial use more than any
other elements. Considering the attractive properties of
phosphate and the new promising opportunities that may
open with regard to the development of useful organic-
inorganic hybrid materials, we report in this work a
combined experimental and a theoretical studies of a new
hybrid compound namely, 3-acetylanilinium dihydrogen
phosphate [6]. The crystal structure was determined by
single crystal X-ray diffraction [7].

The hybrid of 3-acetylanilinium dihydrogen
phosphate is an interesting nonlinear optical material,
whose molecular derivatives are corresponding to
the aniline. It is an organic and inorganic compound,
its derivatives undergo strong hydrogen bond (N-H)
interactions and this characteristic could serve as a
significant function of supramolecular chemistry due
to their interesting physical and chemical properties [8
- 10]. Inorganic phosphate-based salts were also typical
in nonlinear optical applications due to their inherent
ionic character and spheroidal structure with a broad
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delocalized t-electron system [11 - 13]. Moreover, DFT
calculations reveal the good correlation between crystal
structure and physical properties. Hirschfield surface
analysis and molecular electrostatic potential (MEP)
were also calculated. Here we report for the first time the
structural characterization of 3-2ADP molecule by X-ray
diffraction analysis and the results of our calculations
using density functional theory (B3LYP) and Hartree-
Fock (HF) methods with the 3-21G basis set, which are
chosen to study the structural, geometric and charge
transfer properties of 3-2ADP molecule in the ground
state. In this paper, the results of the characterization are
discussed in detailed.

EXPERIMENTAL

Hirschfeld surface method

The Hirshfeld surfaces and the associated 2D
fingerprint plots were calculated using the Crystal
Explorer program, which accepts a structure input file.
A Hirshfeld surface is the outer contour of the space,
which a molecule or an atom consumes in a crystalline
environment [ 14]. The normalized contact distanced
based on both d_ (distance from the point to the nearest
nucleus external to the surface) and d. (distance to the
nearest nucleus internal to the surface) and the van
der Waals (vdW) radii of the atom, given by equation
(1), enables identification of the regions of particular
importance to intermolecular interactions[15, 16]:

(dl_rlvdWJ—I_ (de_revdWJ

norm vdw vdw
r i r e

d

The value of the d__is negative or positive when
intermolecular contacts are shorter or longer than vdW
separations, respectively. Due to the d_and d, symmetry
in the d _ expression, where two Hirshfeld surfaces
touch, both show a red spot that is similar in colour, size
and shape. Using a red — blue — white color scheme the
d _ values are mapped to the Hirshfeld surface: red
regions correspond to closer contacts and negatived
value, the blue regions correspond to the longer contacts
and the positive d _value and the white regions are
those where the contact distance is precisely the vdW
separation and the d  __value is zero.

Computational details
The full geometrical optimization of structure
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3-2ADP, especially those using hybrid functional,
have evolved to a powerful and very reliable tool,
being commonly used for the determination of various
properties of molecules. Within the framework of the
DFT approach [17], the B3LYP hybrid functional [18],
has often been preferred since it is proved efficient
in reproducing various molecular properties and the
combined use of HF with 3-21G basis set has previously
been shown to provide an excellent compromise between
accuracy and computational efficiency of selected bond
lengths for the 3-2ADP molecule implemented with
Gaussian 03 program [19]. The computed geometric
parameters of the title compound are reported and
compared with the experimental parameters in Table 4.

RESULTS AND DISCUSSION

Crystal structure description

The single crystal X-ray analysis of 3-2ADP revealed
that this compound crystallizes in the monoclinic
crystal system in the P21/c space group with Z = 4.
The asymmetric unit contains one 3-acetylanilinium
cation and one dihydrogen phosphate anion (1:1 ratio of
cationic to anionic units). The ORTEP view of compound
3-2ADP is shown in Fig. 1. The phosphorous atom of the
cation exhibit a slightly distorted tetrahedral geometry,
with the bond angles around the P atoms in the range from
107.0(1)"to112.1(1)". The 3D supramolecular network of
this compound is dominated by the variety of O-H...O
hydrogen bonds. In addition, N-H...O interactions,
which can play a crucial role in the stabilization of
supramolecular assemblies, the phosphate anions each
formed eight O-H...O hydrogen bonds (Fig. 2).

Hirshfeld surface analysis

Hirshfeld surface analysis is used to find out the
various intermolecular non-covalent interactions in
the crystal system 3-2ADP and it was analyzed using
CrystalExplorer 17 package. Two dimensional fingerprint
plots and three dimensional Hirshfeld surfaces are shown
in Fig. 3. The greater proportion of O-H/H-O contacts is
found to be 45.6 % and it is due to the stronger N-H...O
and weaker C-H...O intermolecular contacts. Two sharp
spikes in 2D fingerprint plot of 3-2ADP reveals that the
title compound is strongly stabilized by O/H (N-H...
O/C-H...O) interactions. The H...H contacts appear in
the center of the 2D fingerprint maps with a broad peak
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Fig.1. ORTEP diagram with thermal ellipsoids drawn at 50 % probability.

Fig. 2. A view of packing of 3-2ADP with O—H-*N hydrogen bond interactions.

at de =di =1.1 A and with the percentage contribution
of 34.8 %. The 10.1 % contribution from C...H/ H...C
contacts to the Hirshfeld surface is seen as a pair of wings
in 2D fingerprint map. The dark red spot on phosphate
oxygen exhibits the electron rich character which enables
the intermolecular contacts with neighbor. Shape index
clearly explains the availability of inverted bow and

tie triangles. It is due to the stronger =...m stacking
interactions (Fig. 4). The flat surfaces of curvedness in
3-2ADP establish the availability of ring delocalization
and stronger @ ... m stacking profiles. From the detailed
study of 3-2ADP using Hirshfeld surface analysis, it
is clear that the compound is stabilized and connected
through enormous amount of O...H and appreciable
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(e)

Fig. 3. Hirshfeld surfaces of the molecule of 3-2ADP: (b) d

level of m... m stacking which enables the optical
properties, have very little influence on the molecular
packing due to their interatomic distances being equal
to or greater than the sum of their van der Waals radii.
The view of the electrostatic potential obtained using
CrystalExplorer17 allows the visualization of donors and
acceptors of intermolecular interactions in blue and red
regions around the participating atoms corresponding to
the positive and negative electrostatic potential on the
surface, respectively [20]. The view of the electrostatic
potential in the range -0,835 to 1,061 a.u., calculated for
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(c) d,, (d) d, (¢) Shape index and (f) Curvedness.

norm’

the title compound at the HF/3-21G level. The acceptors
for N—H...O and O—H...O hydrogen bonds are shown
as red areas around the O, atom related with negative
electrostatic potentials as shown in Fig. 5.

Fig. 6 shows the voids in the crystal structure
of 3-2ADP. Those are based on the calculation of
the densities of the spherical atomic electron at the
acceptable nuclear level. The calculation of crystal voids
(results below 0.002 a.u. isovalue) shows the vacuum
volume of title compound of the order of 116,20 A3 and
surface area of the order of 434,42 A2 The measured
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Fig. 4. The full two-dimensional fingerprint plots for the title compound (a), showing (b) all interactions and delineated
into (¢) O...H/H...O, (d) H...H, (¢) H...C/C...H and (f) O...C/C...O, interactions on the Hirshfeld surface contacts.
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volume of void of 3-2ADP is 11.10 % with porosity. The
cavities are not large. It was noted that the isosurfaces
of the electron-density are not fully closed around the
elements, but are open at certain positions where, for
example, interspecies approaches are found N-H...H.

Y -

. 1

(e)

The supra-molecular architectures for the crystal
structures of 3-2ADP were visualized by energy
framework calculations, that were performed using CE-
B3LYP energy model for a (2x2x2) 3-2ADP block of
unit cells (Fig. 7) [20]. Energies between molecular pairs

H

Fig. 5. Electrostatic Potential (PE) mapped on Hirshfeld surface of the molecule of 3-2ADP: (b)d_ . (c)d, (d) d,, (e)

Shape index and (f) Curvedness.
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Coulomb Energy

Dispersion Energy

Total Energy

Fig. 7. Energy frameworks of 3-2ADP, representing electrostatic, dispersion and total interaction energy terms.

Table 1. Scale factors for benchmarked energy models.

R Electron Density E

E E . E E

—ele

—pol

—dis

—rep

—tot

5.50

B3LYP/6-31G(d,p)

443

-16.9

-13.8

52.6

-38.9

Table 2. Interaction energies (kJ/mol) of the molecular pairs calculated from energy framework calculation of 3-2ADP.

Energy Model k . k_pol K . e
CE-HF...HF/3-21G electron densities 1.019 0.651 0.901 0.811
CE-B3LYP...B3LYP/6-31G (d.p) electron densities 1.057 0.740 0.871 0.618

are described as cylinders which join the centroids
of molecular pairs. Energies between molecular
pairs are described as cylinders that join molecular
pair centroids. Frameworks were constructed for

E- . (red cylinders), E-, (green) and E-_ (blue),
the scale for tube/cylinder size is 200 and cutoff of
10.00 KJ/mol was used is showing in Tables 1 and 2,
respectively.
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Geometry optimization

The crystal geometry of 3-2ADP has been
determined by DFT and HF methods with 3-21G basis
set using the Gaussian 03 program, and was compared
with experimentally observed geometrical parameters.
The chosen parameter of crystal geometry is shown in
Table 3 and optimized molecular structure is shown in
Fig. 8. Based on the crystal geometry, the bond length of
O,~-C,, has been calculated as 1.2520 A. The bond length
between carbon and one oxygen atom was identical which
confirm the structure of C=0 group and the predominance
of vibrancy in carboxylate anion. These dissimilarities of

bond distance between C=0 at the acetyl portion shows
that different environmental oxygen atoms have been
bonded with carbon atoms. The bond distance of C—O
1.2240 A at HF method and 1.2520 A at DFT method)
and bond angles of O-C-C[121.0163° at HF method and
120.4751° at DFT method] of amino fragment implies
a deprotonated NH," group. The values of nitrogen
involving dihedral angles such as D (25, 9, 13, and 14)
and O,~C,~C, -N,, were found to be 24.8305° and
-17.4832° at DFT method respectively; This means that
the amino band with the acetyl group is planar oriented.
It was exactly coincided with the experimental (Table 3).

Table 3. Comparison of selected bond lengths [A] for 3-2ADP crystal.

Bond lengths Experimental HF/3-21G DFT/B3LYP/3-21G
R(1,2) 1.50 1.54 1.57
R(1,3) 1.49 1.62 1.66
R(1,4) 1.56 1.60 1.63
R(1,6) 1.54 1.61 1.66
R(3,27) 1.92 0.98 1.03
R(4,5) 0.81 0.98 1.02
R(6,7) 0.81 0.96 0.99
R(8,20) 1.21 1.22 1.25
R(9,13) 1.45 1.40 1.41
R(9,25) 0.96 1.00 1.01
R(9,26) 0.91 1.01 1.04
R(9,27) 0.96 1.98 1.78
R(10,11) 1.40 1.37 1.39
R(10,18) 1.39 1.38 1.40
R(10,20) 1.48 1.48 1.48
R(11,12) 0.93 1.06 1.08
R(11,13) 1.37 1.38 1.39
R(13,14) 1.38 1.38 1.40
R(14,15) 0.92 1.07 1.08
R(14,16) 1.38 1.38 1.39
R(16,17) 0.93 1.07 1.08
R(16,18) 1.38 1.38 1.39
R(18,19) 0.92 1.07 1.08
R(20,21) 1.48 1.50 1.51
R(21,22) 0.96 1.07 1.09
R(21,23) 0.96 1.08 1.09
R(21,24) 0.95 1.08 1.09
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9 I

Fig. 8. Optimized molecular structure of 3-2ADP calculated at DFT level.

HOMO-LUMO analysis and DOS

To obtain details about the composition of the
molecular orbital (MO), the energies of the 3-2ADP
molecule HOMO (n-donor) and LUMO (m-acceptor) are
examined via the B3LYP level at the value of 6-31G. The
expansion of the word HOMO is the molecular orbital
with highest occupation. Orbital of HOMO and LUMO
are displayed in Fig. 9. HOMO and LUMO energies
and their band gap energy exhibit the actual molecular
chemical reaction. Naturally, HOMO is called as an
electron donor due to having the capability to contribute
an electron. LUMO is called as an electron acceptor due
to having the capacity to grab an electron (Fig. 9). The
energies of HOMO and LUMO are reckoned at -0. 23
a.u. and -0.07 a.u., correspondingly. As 4.23 eV the
band difference between HOMO and LUMO is noted.
HOMO and LUMO computed energies have shown
that the transfer of charge is taking place within the
molecule itself. The low energy gap value declares the
appropriateness of the 3-2ADP grown in NLO field
[21]. Some important quantum chemical parameters
such as ionization potential (I), electron affinity (A),
electronegativity (), chemical potential (i), chemical
hardness (1)), chemical softness (S) and electrophilicity
index(@) were calculated theoretically by using the
energy values of frontier molecular orbitals [22-25] and
the results are presented in Table 4.

The contributions of molecular orbitals and the
density of states of 3-2ADP molecules are calculated

from Gauss-Sum program and are shown in Fig. 10.
The HOMO and LUMO levels are indicated from
DOS spectrum as green and red lines, respectively. The
DOS spectrums were used to initiate determination of
the energy difference between HOMO and LUMO.
Through this study, the molecule can be graded as
a hard and soft molecule for the small and wide
energy differences, respectively. Using the molecular
electrostatic potential (MEP) diagram, the probability
of electrophilic and nucleophilic reactions and other
charging-related properties is observed to visualize the
charging distribution of molecules.

Energy gap between HOMO and LUMO is a vital
stricture in determining molecular electrical transport
properties [26]. Orbitals significantly overlap near
phosphate atom and charge transfer occurs through
amino group. Group contributions of molecular orbital
spectra to prepare state density (DOS), PDOS and COOP
(crystal orbital overlap population) are mapped using
the Gauss-Sum program as in the Fig. 10 [27 - 32].
Contributions to chemical bonding via PDOS plots show
a group percentage contribution to each molecular orbital.
Positive value of COOP indicates bonding interaction,
negative value indicates anti bonding interaction and
zero value indicates nonbonding interactions. COOP
diagram reveals that 3-acetylanilinium ring have strong
bonding and anti-bonding characters, the gap energy
4.23 eV it is presents attractive physical properties to
be used as a substrate for the fabrication of detectors.
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First Excited State

AE=42301eV

Ground State

Fig. 9. HOMO - LUMO plot of 3-2ADP.

Table 4. The calculated energy values of 3-2ADP.

Parameters Values

E oo -0.07 a.u

E om0 -0.23 au

E, bmo-10mo 83P 423 eV
I[=-E, uo 0.23 au
A=- E ivo 0.07 au
y=I+A/2 0.15 au
n=1-A/2 0.07 au
S=1/2 0.03 au!
®=y2/2 M 9.28 x10* a.u™!
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Fig. 10. Calculated the total DOS of 3-2ADP.

Molecular electrostatic potential

The electrostatic potential (ESP), the contour map
of electrostatic potential and molecular electrostatic
potential (MEP) plot of the 3-2ADP molecule obtained
by Gaussian 03 package is illustrated in Fig. 11. It
is most evident from the ESP map, that the negative
electrostatic potential was concentrated over the entire
3-2ADP molecule. The contour map of the electrostatic
potential confirmed the different positive and negative
potential sides of the 3-2ADP compound. To predict
reactive sites for electrophilic and nucleophilic attack
for the 3-2ADP compound, MEP was computed at
B3LYP/6-31 G(d, p) optimized geometries. MEP maps
provide tridimensional load distribution of molecules
and contribute to the correlation between the molecular
structure and its physiochemical behavior such as partial
loads, dipole moment, electronegativity and chemical
reactivity [33]. Different colors reflect the different

values of the electrostatic potential at the electron
density surface. The molecule with red color represents
regions of most electronegative and maximum attractive
electrostatic potential whereas, blue color molecule
represents regions of most positive and repulsive
electrostatic potential and that of green represents the
region of zero potential.

The result shows that MEP decreases in the order of
red > orange > yellow > green > blue [34]. The different
color code of these maps is in the range between -0.138e°
(the dark red) and +0.138e° (the dark blue) for 3-2ADP
molecule. This MEP surface provides significant
information about the reactive sites of the molecules. The
MEP map of 3-2ADP, the positive regions was found
over the protonated amine group of 3-acetylanilinium
moiety and the negative regions are spread over the
electronegative oxygen atoms. Further, most of the
C-atoms in the 3-2ADP molecule bear the green region
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Fig. 11. The total electron density isosurface mapped with molecular electrostatic potential of 3-2ADP.
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Fig. 12. Mulliken charges distribution of 3-2ADP.

in the MEP surfaces zero potential and it describes the
potential halfway between the two extreme deepest red
and blue colors. The inter- and intramolecular hydrogen
bonding interactions such as N-H...O, C-H...O, and
O-H...O of 3-acetylanilinium dihydrogen phosphate
result from the equalization of molecular electrostatic
potentials in the system (Fig. 11).

Mulliken and natural charge distribution

The Mulliken atomic charge distribution calculation
is an important application of the quantum chemical
approach to the molecular system by virtue of atomic
charge effect, molecular polarizability, dipole moment,
electronic structure and other characteristics of the
molecular system [35, 36]. The Mulliken atomic charge
distribution for 3-acetylanilinium dihydrogen phosphate
is shown in Fig. 12, in Supplementary information
and Mulliken plot of charge distribution for the titular
compound, it is clearly noticed that the charge of amine
atom N, of the 3-2ADP compound is highly negative
and the corresponding protonated hydrogen H , atoms
have more positive charge compared to other hydrogen
atoms. The charge of phosphate P-1 atom is positive
it’s surrounding four atoms oxygen O,, O,, O,, and O,
atoms have higher negative influence. In the aromatic
C.C.,.C,C , and

ring, the negative valueson C ,C,,C,,C ,C .,

C , atoms leads to the redistribution of electron density.
As aresult of these strong negative charges, C, and C,,
accommodate large positive charge and become more
acidic. Further, it is also observed that the carbon atom
C,, attains maximum positive charge due to its bonding
with electronegative oxygen atom O,. The total atomic
charges of 3-2ADP crystal in the ground state obtained
from DFT/B3LYP/6-31G (d, p) level (Fig. 12).

CONCLUSIONS

In summary, the phosphate H,PO,” ion with
the C.H, NO™ were investigated. A novel organic—
inorganic hybid compound has been successfully
synthesized at room temperature by slow evaporation
in the DFT theoretically studied and Hirshfeld surfaces.
The structure consists of alternating organic layers
with inorganic ones. Hirshfeld surfaces show all
intermolecular interactions in the crystal at once and
are therefore suitable for crystal packing analysis.
Global descriptors, such as the orbital energy gap (Eg),
electronegativity (y), absolute hardness (1), softness
(o), chemical potential (p), electrophile index (w) and
Mulliken atomic charges were derived from the DFT
and HF calculations.
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