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Abstract. The experimental charge density of a hydrazone derivative has been
determined from low temperature (100 K) single crystal X-ray diffraction data by multipolar
Hansen-Coppens formalism refinement and gas phase ab initio theoretical calculations.
The topology of the electron density within the molecule as well as the intramolecular
and intermolecular interactions have been analyzed. The topological properties of electron
density determined by the experiment were compared with the theoretical results obtained
from Gaussian03 at the B3BLYP/6-3114+4G** level of theory. The covalent nature of the
bonds in the molecule has been established by (3, -1) bond critical points associated with
relatively large electron densities (1.59 - 3.34 e.A™?) and highly negative Laplacian values
(4.73 - 21.30 e.A™?). Numerical and analytical procedures were used to derive the charges
integrated with each atomic basin. The highest charge magnitude (-0.66 e) was found in N2
and N4 atoms. The crystal packing is stabilized by the weak intermolecular 7...7, C-H...O
and NO2(N)...(O)NOy interactions, as confirmed by the presence of critical points in the
topological analysis.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

Intermolecular interactions, such as hydrogen bonds,
have been a topic of great scientific interest because of
their important role in biological recognition processes
and crystal engineering in solid state chemistry [1].
Many of the synthons studied so far in supramolec-
ular chemistry involve classic hydrogen bonds such
as N-H..N, N-H...O, O-H...N, and O-H...O, which
provide the requisite robustness to create new solid-
state structures [2]. In addition to these relatively
strong hydrogen bonds, weak interactions such as C-
H...O0, C-H.N, 7..7, and nitro-nitro (NO;..NO,)
are also important for the self-assembly in the solid
state. Therefore, the study of the nature of these
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interactions, qualitatively and quantitatively, is of
great interest. High-resolution low-temperature X-ray
diffraction experiments provide accurate information
on the electron distribution within the system under
study, allowing the qualitative and quantitative nature
of the bonding and the atomic interactions to be
determined [3]. Bader’s quantum theory of Atoms In
Molecules (AIM) is a powerful tool, which characterizes
the chemical interactions between atoms on the basis of
the topological properties of the electron density, p(r),
and the associated Laplacian, VZp(r), at bond-critical
points (beps). In organic molecules, covalent bonds are
classified as the shared shell based on the large value of
p(r) and negative value of VZp(r), while van der Waals
(vdW) and hydrogen-bonding interactions are classified
as closed-shell with small large value of p(r) and pos-
itive VZp(r) [4]. The electron-density distribution of
small molecules in chemical systems and peptides and
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amino acids in biochemical systems carries information,
which is important for modeling their interactions. The
molecular electrostatic potential and electric moments
derived from the charge density help to determine the
recognition properties, such as reactivity in a desired
molecule in a chemical reaction. Due to the importance
of the intermolecular C-H...O, =...r, and nitro-nitro
(NO,...NO») interactions in crystal engineering [5], we
decided to obtain an insight of the nature of the chem-
ical bonds and the important molecular interactions
of the title compound by X-ray charge density and
compare it to the results obtained from the Quantum
Theory of Atoms In Molecules (QTAIM) by AIM2000
program package [6].

2. Methods

Accurate low-temperature high-resolution X-ray
diffraction data allows the non-spherical maps and
electron-density to be presented in the form of defor-
mation electron-density maps and be experimentally
quantified by using a non-spherical model of the
atomic electron-density. This model is described as
a superposition of pseudo-atoms modelled by the
multipolar Hansen-Coppens atom formalism (Eq. (1))
[7], implemented in program package MoPro [8], which
is the most accurate model, up to now, as follows:

patom(r) :pcore(r) + Pvallispval(lir)

+ Z H’SRnl(le) Z Hmylmi(97¢27)
1

1=0,lmax |m|<1

where peore and p,q; represent the spherical core and
valence unitary electron-density, respectively. P,q; is
the valence population parameter. 7,4+ represents
multipolar spherical harmonic functions of the order
I in real form. R, is Slater-type radial functions
and Py, is the multipolar populations. The coef-
ficients x and k' describe the contraction-expansion
for the spherical and multipolar valence densities,
respectively. The low X-ray scattering power of H
atoms is a well-known problem in crystallography.
However, as it is evident from structures based on
neutron diffraction experiments (where the scattering
length of H atom is comparable in magnitude with
those of heavier elements such as carbon and oxygen),
the use of an isotropic displacement parameter for
hydrogen is a very crude approximation and should
be corrected. Therefore, the program SHADE [9] web
server was used to model an estimation of hydrogen
anisotropic displacement parameters, which is based
on the analysis of displacement parameters of the non-
H frameworks as a rigid body in terms of a TLS
(translation-liberation-screw) model by Schomaker and
Trueblood method [10]. Therefore, the procedure,

based on Simple Hydrogen Anisotropic Displacement
Estimator (SHADE), calculated the anisotropic dis-
placement parameters for the hydrogen atoms. A
first crystal structure refinement was performed with
SHELXTL based on the Independent Atom Model
(IAM). Then, the least-squares program MoPro was
used to determine the charge density of the title
compound, as described in Section 3.2.

3. Experimental section

3.1. Data collection and structure
determination

The crystal structure of the title compound was
determined by single-crystal X-ray diffraction. The
crystallographic data of the compound is listed in
Table 1. The ORTEP plot of the compound is shown in
Figure 1, with 50% probability displacement ellipsoids
and atomic numbering. Data was collected on a Bruker
SMART APEX II CCD area detector diffractometer
with Mo Ka radiation (A = 0.71073A) equipped
with an Oxford cryo-system Cobra low temperature
attachment. Cell parameters were retrieved using
SMART [11] software and refined using SAINT [12]
on all observed reflections. Data reduction and cor-
rection for Lorentz-polarization (Lp) and decay were
performed using SAINT Plus software. Absorption
corrections were applied using SADABS [13]. The
structure was solved by direct methods and refined by
the least squares method on F? using the SHELXTL
program package [14]. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were posi-
tioned geometrically and refined with a riding model
approximation with their parameters constrained to
the parent atom with Ui, (H) = 1.2 U,y (C), except
for the hydrogen atom attached to N1 atom which was
located by the difference Fourier map and constrained
to be refined with the parent atom with Uy, (H) = 1.2
Uey (N).

Figure 1. The ORTEP plot of the title compound based
on the multipolar refinement with 50% probability
displacement ellipsoids. The anisotropic displacement
ellipsoids of the hydrogen atoms were calculated by

SHADE program.
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Table 1. The crystallographic data and refinement parameters of the compound by TAM.

Empirical formula
Formula weight
Temperature
Crystal system
Space group

a (A)

b (A)

B (A)

V(A®)

Z

D (Mg/m®)

p (mm™)
Crystal size (mm)

Max. and min. 0

Limiting indices

Reflections collected /unique
Data/restraints/parameters
GoF

Final R indices [I > 20(1)]
Largest diff. peak and hole

Ci3H16N4O04
222.30
100(1) K
Monoclinic
P2 /n
6.9721(1)
23.7359(5)
8.2274(2)
102.351(1)
1330.03(5)
4

1.460
0.111

0.96 x 0.61 x 0.08
1.7, 35.0

—11<h<1l,
—38 < k < 38,
—12<1<13

26146 / 5824 [R(int) = 0.026]
5824/0/194

1.04

R1 = 0.0388, wR2 = 0.1132
0.43 and -0.30 e.A 3

3.2. Multipolar model refinement

Initially, an Independent Atom Model (IAM) approxi-
mation with routine least-square refinement model was
used for refining the structure. The parameters refined
in the successive steps of multipolar model refinement
were as follow: (i) the scale factor with all reflections;
(ii) the atomic fractional coordinates together with
Anisotropic Displacement Parameters (ADP) for non-
hydrogen atoms with high angle diffraction data (sin
6/A > 0.8 A~1); (iii) the positional coordinates and
isotropic displacement parameters of H-atoms using
low-angle diffraction data (sin /X < 0.8 A~1); (iv)
the hydrogen atom positions (the N-H and C-H bonds
elongated to distances 1.03 A and 1.09 A, respectively,
resulted from the neutron diffraction data) and the
displacement parameters of non-hydrogen atoms at
high-angle diffraction data (sin §/A > 0.8 A~1); (v)
estimation of anisotropic displacement parameters for
H atoms using the SHADE2 program; (vi) multipole
parameters refinement in a stepwise procedure; (vii)
atomic fractional coordinates and displacement param-
eters along with all multipole populations; and (viii)
atomic fractional coordinates as well as displacement

parameters together with all multipole populations and
k and k' (only non-H atoms) parameters.

3.3. DFT and AIM calculations

The starting atomic coordinates were taken from the
final X-ray refinement cycle of the structure analysis.
For the ground state electronic structure calculations,
the DFT method with the Becke [15] three-parameter
hybrid functional and Lee-Yang-Parr’s [16] gradient
corrected correlation functional (B3LYP) was used for
full optimization of the single molecule and the hydro-
gen bonded dimers in gas phase. The calculations were
performed with the Gaussian03 (GO03) [17] program
with 6-3114++G** basis set for all atoms. Then, the
obtained ground-state electronic wave functions were
used for further calculations on the topology of the
theoretical electron density, including both local and
integral properties, performed with the aid of the
program AIM2000.

4. Results and discussion

It is well known that the quantum theory of atoms in
molecules (QTAIM) provides a powerful tool for char-
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acterization of the nature of the chemical bonds [18].
It uses the electron density as an information source
to describe atoms and the nature of the bonds in
molecules. In QTAIM, a chemical bond (including
covalent, ionic, van der Waals and hydrogen bonds,
etc.) is always accompanied with a Bond Path (BP)
and a Bond Critical Point (BCP) between the bonded
atoms. Therefore, shared-shell interactions, such as
covalent bonds, are characterized by the significant
positive values of the electron density and negative
values of the Laplacian of the electron density at
the bond critical points (bcps). On the other hand,
the closed-shell interactions, such as ionic bonding,
van der Waals (vdW) and hydrogen bonding, tend to
have small positive values for both electron density
and its Laplacian at the bond critical points (beps).
The molecular graphs (the set of BPs and BCPs) of
the single molecules of this work have been shown
in Figure 2. As indicated, in addition to the usual
bonds, the molecular graphs indicate a BP and a

Figure 2. The molecular graph of the molecule showing
critical points and the bond path.

BCP between nitrogen and hydrogen, which confirms
that there is an intramolecular hydrogen bond in the
molecule. The topological properties at the critical
points identified for the compound are listed in Ta-
ble 2. The deformation density map of the benzene

Table 2. Topological properties of the title compound at the bond critical points (bcps). The theoretical values of p(r)

and VZp(r) are shown bold in parentheses.

Bond p(r) eA7® [in a.u.] VZ?p(r) e.A™® [in a.u.] € Type
O1-N3 3.254 [0.48] (0.49) -8.60 [-0.36] (-1.00) 0.12  (3,-1)
02-N3 3.004 [0.46] (0.47) -15.14 [-0.22] (-0.88)  0.11 (3-1)
02..HIN1  0.165 [0.02] (0.03) 2.95 [0.12] (0.12) 026  (3,-1)
03-N4 3.300 [0.49] (0.48) -9.62 [-0.40] (-0.48) 0.09 (3,-1)
04-N4 3.342 [0.49] (0.49) 6.61 [-0.27] (-1.00)  0.13  (3-1)
N1-N2 2.199 [0.32] (0.33) 4.73 [-0.20] (-0.28)  0.07  (3-1)
N1-C6 2.137 [0.32] (0.32) -21.30 [-0.88] (-0.88)  0.13  (3-1)
N1-HIN1 2.142 [0.32] (0.46) 27.53 [-1.14] (-3.40)  0.08 (3,-1)
N2-C7 2.414 [0.36] (0.36) -20.74 [-0.86] (-0.76)  0.16  (3,-1)
N3-C5 1.824 [0.27] (0.27) -14.54 [-0.60] (-0.68)  0.23  (3-1)
N4-C3 1.793 [0.26] (0.28) -12.91 [-0.54] (-0.68)  0.19  (3-1)
C1-C2 2.179 [0.32] (0.32) -21.30 [-0.88] (-0.88)  0.21  (3-1)
C1-C6 1.966 [0.29] (0.29) -16.83 [-0.70] (-0.76)  0.20  (3,-1)
C2-C3 2.053 [0.30] (0.30) -18.55 [-0.77] (-0.84)  0.21  (3,-1)
C3-C4 2.202 [0.33] (0.32) -20.74 [-0.86] (-0.88)  0.26  (3-1)
C4-C5 2.135 [0.32] (0.31) -20.02 [-0.84] (-0.84) 026 (3-1)
C5-C6 1.966 [0.29] (0.29) -17.10 [-0.71] (-0.76)  0.23  (3,-1)
C7-C8 1.686 [0.25] (0.25) -11.31 [-0.47] (-0.56)  0.10  (3,-1)
C7-C13 1.698 [0.25] (0.25) 1179 [-0.49] (-0.60)  0.04  (3-1)
C8-C9 1.595 [0.24] (0.24) -8.99 [-0.37] (-0.48)  0.06 (3-1)
C9-C10 1.625 [0.24] (0.24) -0.68 [-0.40] (-0.52)  0.06 (3-1)
C10-C11 1.644 [0.24] (0.24) -9.68 [-0.40] (-0.52)  0.05 (3-1)
C11-C12 1.643 [0.24] (0.24) -9.18 [-0.38] (-0.52)  0.07 (3,-1)
C12-C13 1.584 [0.23] (0.23) -8.56 [-0.36] (-0.48)  0.04 (3-1)
N3...03 0.043 [0.006] (0.007) 0.73 [0.03] (0.028) 197 (3,1
€2...C6 0.037 [0.006] (0.006)  0.39 [0.016] (0.0158)  1.16 (3,-1)
03..H2A  0.047 [0.007] (0.007) 0.91 [0.038] (0.027)  0.27 (3/1)
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Figure 3. Experimental deformation density maps in the
plane of the benzene ring (contours at 0.1 ¢ A3, blue/red:
positive/negative).

Figure 4. Experimental deformation density maps in the
plane of the benzene ring (contours at 0.1 e A73, blue/red:
positive/negative).

ring and both nitro groups are shown in Figures 3
and 4, respectively. The Laplacian of the electron
density for benzene ring and both nitro groups are
also shown in Figures 5 and 6. Each of the carbon-
carbon, carbon-nitrogen, and nitrogen-oxygen bonds
having shared-shell covalent interactions based on the
quantity of the electron density and Laplacian are listed
in Table 2. The average electron density of the C-
C bonds of the benzene ring is close to 2.1 e A=3,
which is consistent with the value for the aromatic
ring [19]. The values of the electron density and the
Laplacian for C6-N1 bond are higher than those for
(C3-N4 and C5-N3, which is in agreement with the
nature of the bond and the atoms attached to each
other. The average VZp(r) value of the C-C bonds
in the benzene ring [-19.09 e A~5] is in agreement
with that in a delocalized aromatic ring. An analysis
for bond-path has been performed to determine the
nature of the bond polarization. The lower values
of the Laplacian for the nitro groups confirm low
concentration of the electron density compared to the
aromatic ring. The high negative value of the Laplacian

compound; positive contours are dashed red lines, negative
contours are dashed blue lines.

Figure 6. Laplacian of the electron density in the plane
of nitro groups; positive contours are dashed red lines,
negative contours are dashed blue lines.
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[27.53 ¢ A~5] for N1-HIN1 bond confirms the high
concentration of the bond electron density. The nitro
N-O bond critical points have the smallest negative
Laplacian values, which is mostly due to the principal
curvature along the bonds (average A3 value for all N-
O bonds = 49.03 eA~?) and is in agreement with the
previously reported nitro-substituted compounds [20].
The experimental values of the electron density and its
Laplacian are in good agreement with their theoretical
values for single molecule and the dimers obtained
by the wave function calculations by AIM2000. The
differences between the experimental and theoretical
values of V?p(r) in some cases are related to the
deficiency of the multipole model description of the
electron density [21,22]. The experimental properties
of the strongly polarized bond are different from the
results derived by ab initio calculations. The results
show that the descriptions of the polar bonds require
more flexible basis sets in the theoretical calculations.
The bond ellipticity (¢ = A /Ay — 1) is a measure
of isotropic or anisotropic nature of the bonds, where
A1 and Ay are the negative eigenvalues of the Hessian
matrix [23]. The calculated ellipticities for all bonds
show that the C-C and C-N bonds in the benzene
ring and the iminic N=C bond have anisotropic nature
as their ellipticity is close to 0.2. The interesting
features of the packing are the intermolecular C2-
H2A...03 hydrogen bond and (NO3)N3...03(NO,) in-
teraction. The Laplacian of the electron density maps
of these interactions are shown in Figures 7 and 8,
respectively, and their electron density and Laplacian
values are listed in Table 2, which confirm the shared-
shell nature of these interactions. Figure 9 shows the
Laplacian of the electron density of the intermolecular
m...w interactions. Figure 10 shows the gradient
trajectory plot of the electron density, p(r), plotted
using WinXPRO software [24]. In the plot, the solid
thick lines show the zero-flux surface of the atoms in

Figure 7. Laplacian of the electron density in the plane
of the symmetry-related intermolecular C-H...O
interactions; positive contours are red lines, negative
contours are blue lines.

Figure 8. Laplacian of the electron density of the
interaction between (NO32)O...N(NO3) in the neighboring
nitro groups; positive contours are dashed red lines,
negative contours are dashed blue lines (the cross shows
the critical point).

Figure 9. Laplacian of the electron density of the
interaction between C2...C6 in the neighboring benzene
rings (the circle shows the critical point).

the molecule and define the boundary of the atomic
basin for each atom. O1, 02, 03, O4, N1, and N2
basins show large volumes compared with the other
atoms in the molecule. The volume of the carbon
atom looks prismatic, whereas the oxygen atom is
in a drop shape. The gradient trajectory lines are
dominant in the core of the atomic basin and decrease
away from the nucleus. The atomic volume of the
01 atom is 15.70 A% and the atomic volume of the
N atoms ranges from 6.93 to 13.91 A3, so the atomic
volume of the O1 is much higher than those of the
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Flgure 10. Representation of the trajectory of the
gradient lines of the total electron density in the plane of
the substituted benzene ring.

Figure 11. Representation of the trajectory of the
gradient lines of the total electron density of the
centerosymmetric intermolecular C2-H2A...O3
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Figure 12. The molecular graph of the molecule showing
the position of the bond critical points (red circles).

rest of the other non-oxygen atoms in the molecule.
The atomic values of H2A and HIN1 atoms have the
smallest value in the molecule, confirming that they
are involved in hydrogen bonding interactions. Gen-
erally, the atoms which are involved in the hydrogen
bonding interaction have smaller atomic volume than

23 (2016) 1080-1088

Figure 13. A part of the molecular graph of the
compound showing intermolecular centerosymmetric
C-H...O interactions with the position of the bond critical
points (red circles).
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Figure 14. A part of the molecular graph of the
compound showing (NO2)N...O(NO;) (left) and =...7w
interactions (right) with the position of the bond critical
points (red circles).

the other atoms which are not involved in hydrogen-
bonding interactions [25]. The details of the gradi-
ent trajectory plots of the intermolecular hydrogen-
bonding C2-H2A...03 are shown in Figure 11. As
can be seen from the values of the electron density
and the Laplacian, the C2-H2A...03 and N1-H1N1...02
interactions are closed-shell interactions. For pursuing
the agreement between the experimental and theo-
retical charge densities, the theoretical calculations
were done for the single molecule and also dimer
with different interactions, such as intermolecular C-
H...0, (NO2)N...O(NO>), and =...m by AIM package.
Figure 12 shows the molecular graph of the single
molecule calculated by AIM2000 with the position of
the bond critical points as red circles. Figure 13
shows the molecular graph of a centerosymmetric
dimer connected by the intermolecular C-H...O inter-
actions. Figure 14 depicts the molecular graphs of
the compound based on the N...O interaction of the
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Table 3. Atomic charges (e) and volumes (A3) of the
compound.

Atoms ¢(P,) Volume
o1 -0.42 15.70
02 -0.18 15.73
03 -0.40 16.02
04 -0.53 15.88
N1 -0.54 12.46
N2 -0.66 13.90
N3 -0.45 6.93
N4 -0.66 747
C1 -0.05 12.46

HI1A +0.20 5.96
C2 +0.17 11.13
H2A +0.18 5.87
C3 +0.25 9.27
C4 -0.12 11.88
H4A +0.18 5.68
Ch +0.29 9.80
C6 +0.73 7.49
c7 +0.64 7.25
C8 +0.20 7.79

HS8A 0.00 7.14
H8B +0.16 6.43

C9 -0.02 8.30
H9A -0.08 7.25
H9B 0.00 6.39
C10 -0.22 8.70
H10A -0.08 7.95
H10B -0.09 7.61
Cl11 -0.10 8.30
HI11A -0.19 7.22

H11B -0.16 9.41
C12 +0.01 7.98

HI12A -0.11 7.67
H12B -0.09 7.80

C13 -0.09 8.63
H13A +0.01 6.40
H13B -0.08 7.37

HIN1 +0.58 2.22

neighboring nitro groups and the intermolecular «...w
interaction, which confirms the experimental results
obtained by the high-resolution X-ray charge density
in this study. The atomic charges and volumes of
each atom were calculated. The atomic charges can
be defined as the difference between the nuclear and
electronic charges integrated over the atomic basins
by zero-flux surfaces [4]. The net monopole charges
of each atom in the compound were calculated using
WinXPRO for the experimental model. The O1, O2,
03, 04, N1, N2, and N4 atoms carry high negative
charges of -0.42e, -0.18e, -0.40e, -0.53e, -0.54e, -0.66e
and -0.66e, respectively. The details of the atomic
charges and volumes for each atom are shown in
Table 3.

5. Conclusion

The current study provides an extensive charge density
study of a hydrazone derivative crystal using high-
resolution X-ray experimental data collection at 100 K.
The theoretical wave function calculations using Gaus-
sian03 were used to model the theoretical charge den-
sity of the compound by B3LYP level of theory and 6-
3114++G** basis set with diffuse functions. The topo-
logical properties of critical points have been analyzed
using Bader’s theory of Atoms In Molecules (AIM) for
the quantification of covalent bonds and intermolecular
interactions. The results obtained from the topological
analysis of the multipole modeled densities agree quite
well to the theoretical calculations, but the largest
discrepancies being found for the Laplacian at the bond
critical point of strong heteroatom bonds.
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