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a b s t r a c t

Two new organic-inorganic hybrid materials, 4-methoxybenzylammonium nitrate, (C8H12NO)$[NO3] (I),
and 2-(1-piperazinyl)pyrimidinium bis(perchlorate), (C8H14N4)$[ClO4]2 (II), have been synthesized by an
acid/base reaction at room temperature, their structures were determined by single crystal X-ray
diffraction. Compound (I) crystallizes in the orthorhombic system and Pnma space group with
a¼ 15.7908 (7), b¼ 6.8032 (3), c¼ 8.7091 (4) Å, V¼ 935.60 (7) Å3 with Z¼ 4. Full-matrix least-squares
refinement converged at R¼ 0.038 and wR(F2)¼ 0.115. Compound (II) belongs to the monoclinic system,
space group P21/c with the following parameters: a¼ 10.798(2), b¼ 7.330(1), c¼ 21.186(2) Å, b¼ 120.641
(4)�, V¼ 1442.7 (3) Å3and Z¼ 4. The structure was refined to R¼ 0.044, wR(F2)¼ 0.132.

In the structures of (I) and (II), the anionic and cationic entities are interconnected by hydrogen
bonding contacts forming three-dimensional networks. Intermolecular interactions were investigated by
Hirshfeld surfaces and the contacts of the four different chloride atoms in (II) were compared. The
Molecular Electrostatic Potential (MEP) maps and the HOMO and LUMO energy gaps of both compounds
were computed. The vibrational absorption bands were identified by infrared spectroscopy. These
compounds were also investigated by solid-state 13C, 35Cl and 15N NMR spectroscopy. DFT calculations
allowed the attribution of the IR and NMR bands.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen bonds of hybrid compounds are of great interest
because of their widespread biological occurrence [1,2]. The su-
pramolecular networks become especially interesting when the
cation and anion can participate in hydrogen-bonding. In recent
years, much attention has been devoted to the study of perchlorate
and nitrate salts containing organic cations owing to their inter-
esting properties such as ferroelectric and dielectric behaviors
[3e5].

Perchlorate and nitrate anions are Lewis bases used as ligands
for the elaboration of metal complexes having interesting appli-
cations in various fields: stabilization of PVC, protection of wood,
catalysis, pesticides, fungicides, pharmacology, etc. [6e10]. Several
asr).
organic cations (such as protonated amines) can be used for the
stabilization of these anions especially benzylammonium and
pyrimidinium derivatives [11,12].

Benzylamine and its derivatives have been widely studied as
precursors in organic synthesis. They are also used in the industrial
production of many pharmaceuticals including alniditan, lacosa-
mide, moxifloxacin, and nebivolol [13e17].

Pyrimidine and its derivatives are biologically important as they
occur in nature as components of nucleic acid. Some pyrimidine
derivatives are used as antifolate drugs [18].

In order to enhance the varieties of materials and to examine the
influence of hydrogen bonds on the chemical and structural fea-
tures, we report herein the chemical preparation and crystal
structure of two new organic salts, (C8H12NO)$[NO3] (I) and
(C8H14N4)$[ClO4]2 (II).
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2. Experimental

2.1. Chemical preparation

(C8H12NO)$[NO3] (I) and (C8H14N4)$[ClO4]2 (II)were obtained by
slow evaporation at room temperature of aqueous solutions of 4-
methoxybenzylamine (I) or 2-(1-piperazinyl)pyrimidine (II) with
the corresponding concentrated acid (cold 65% HNO3 and cold 70%
HClO4) in the stoichiometric ratio 1:1 (I) and 1:2 (II). The solutions
were stirred for 15min and allowed to stand at room temperature.
Single crystals having the form of sticks appeared after a few days
and could be subjected to X-ray diffraction analysis. The products
were then filtered off and washed with a small amount of distilled
water.
2.2. Investigation techniques

2.2.1. X-ray single crystal structural analysis
Suitable crystals of (I) and (II) were selected and mounted on a

Bruker APEX2 CCD area-detector diffractometer, using MoKa radi-
ation (l¼ 0.71073 Å). The intensities were collected at 293 K, in-
tegrated using the Denzo-SMN package [19] and corrected for
Lorentz-polarization and absorption effects [20]. Both structures
were solved by direct methods with SIR97 [21] and the least-square
refinement on F2 was achieved using SHELXL-97 [22] implemented
in the WINGX system of programs [23] with all non-hydrogen
atoms anisotropic. All the hydrogen atoms were situated in
geometrically optimized positions and treated as riding atoms,
apart from those bound to N/O atoms in (I)whichwere found in the
difference Fourier map and refined isotropically with restrained
distances. The drawings were made with Diamond [24]. Experi-
mental details, crystallographic and processing data are reported in
Table 1.

Crystallographic data for the structural analysis have been
deposited at the Cambridge Crystallographic Data Centre, CCDC No
1551531 for (I) and CCDC No 1551533 for (II). These data can be
Table 1
Crystal data and structure refinement of (C8H12NO)·[NO3] (I) and (C8H14N4)·[ClO4]2 (II).

Empirical formula (C8H12NO) [NO
Formula weight [g mol�1] 200.20
Crystal color, habit Prism, colorless
Crystal temperature [K] 293
Crystal size [mm] 0.55� 0.26� 0
Radiation, wavelength [Å] MoKa, 0.71073
Crystal system Orthorhombic
Space group Pnma

Unit-cell dimensions: a¼ 15.7908 (7)
b¼ 6.8032 (3) Å
c¼ 8.7091 (4) Å

Volume [Å3] 935.60 (7)
Z 4
Density calc. [g cm�3] 1.421
Reflections for cell determination 25
q -range for cell determination [�] 8e10
Absorption coefficient m [mm�1] 0.12
F(000) 424
q -Range for data collection [�] 3e28
Limiting indices �20� h� 20

�8� k� 8
�11� l� 11

Reflections collected/unique (Rint¼ 0.027)
Refinement method Full matrix leas
Data, restrains, parameters (I> 2 s) 1057, 4, 92
Goodness-of-fit on F2 1.09
R indices (all data, on F2) R¼ 0.038, wR¼
Dr(min, max) [e Å�3] �0.28 and 0.21
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the CCDC, 12 Union Road, Cambridge,
CB21EZ, UK: fax: (þ44) 01223-336-033; e-mail: deposit@ccdc.cam.
ac.
2.2.2. NMR and IR measurements
The 13C NMR spectra were recorded on a solid-state high-reso-

lution Bruker Avance-300 spectrometer operating at 75.47MHz.
The 15N and 35Cl NMR spectra were recorded on a Bruker Avance-
500 spectrometer operating at 50.67MHz for 15N and 49.00MHz
for 35Cl. In all cases a classical 4mm probehead allowing spinning
rates up to 10 kHz was used. 13C and 15N NMR chemical shifts are
given relative to tetramethylsilane and neat nitromethane,
respectively (precision 0.5 ppm). The spectra were recorded by use
of cross-polarization (CP) from protons (contact time 2ms) and
magic angle spinning (MAS). Before recording each spectrum it was
checked that there was a sufficient delay between the scans
allowing a full relaxation of the protons (typically 10 s). The 35Cl
NMR spectra were recorded by use of a single pulse of 0.5 ms (cor-
responding to p/12). Typically 50000 to 100000 scans were accu-
mulated with a recycle time of 1 s. The chemical shifts are given
relative to aqueous NaCl.

FT-IR analysis was carried out at room temperature in the range
400e4000 cm�1 using a Nicolet IR 200 FT-IR infrared spectrometer.
3. Results and discussion

3.1. X-ray diffraction study

The unit formula of (4-(OCH3)C6H4CH2NH3)$[NO3] (I), contains
one inorganic nitrate anion and one 4-methoxybenzylammonium
cation (Fig. 1). This compound crystallizes in the orthorhombic
space group Pnma (Z¼ 4). The atomic arrangement of this com-
pound consists of inorganic layers, built from the NO3

� anions and
the -NH3

þ groups, interconnected by NeH/O hydrogen bonds
(Fig. S1, Table 2), extending parallel to the c-axis direction and
3] (I) (C8H14N4) [ClO4]2 (II)
365.13
Prism, colorless
293

.08 0.52� 0.22� 0.15
MoKa, 0.71073
Monoclinic
P21/c

Å a¼ 10.7978 (14) Å
b¼ 7.3297 (10) Å
c¼ 21.1861 (19) Å
b¼ 120.641 (4)�

1442.7 (3)
4
1.681
25
8e10
0.50
752
3e28
�14� h� 14
�9� k� 9
�27� k� 27
(Rint¼ 0.039)

t-squares on F2 Full matrix least squares on F2

2981, 3, 209
1.04

0.115 R¼ 0.044, wR¼ 0.132
�0.47 and 0.74
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Fig. 1. View of the asymmetric unit of (C8H12NO)$[NO3] (I). Displacement ellipsoids are
drawn at the 40% probability level and H atoms are shown as small spheres of arbitrary
radii.

Table 2
Hydrogen-bond geometry (Å, �) for of (C8H12NO)$[NO3] (I) and (C8H14N4)$[ClO4]2
(II).

DdH$$$A DdH H$$$A D$$$A DdH$$$A

(C8H12NO)·[NO3] (I)
N1eH1A$$$O2i 0.91 (1) 1.99 (1) 2.898 (14) 176 (1)
N1eH1B/N2ii 0.91 (1) 2.58 (1) 3.443 (2) 160 (2)
N1eH1B/O2ii 0.91 (1) 2.25 (1) 3.016 (17) 142 (1)
C3eH3/O3iv 0.93 2.58 3.242 (2) 128
C8eH8B/N2v 0.98 (1) 2.60 (1) 3.561 (2) 167 (2)
(C8H14N4)·[ClO4]2 (II)
N2eH2/O8i 0.86 (1) 2.11 (1) 2.932 (3) 161 (2)
N4eH4A$$$O7ii 0.90 (1) 2.10 (1) 2.969 (3) 164 (2)
N4eH4A$$$O7iii 0.90 (1) 2.53 (2) 3.052 (3) 117 (2)
N4eH4B/O5 0.90 (1) 2.02 (1) 2.883 (3) 161 (2)
C2eH2A$$$O7iv 0.93 2.65 3.503 (3) 153
C3eH3/O3v 0.93 2.61 3.334 (4) 135
C5eH5A$$$O8i 0.97 2.46 3.420 (3) 169
C6eH6A$$$O1i 0.97 2.64 3.420 (3) 137
C6eH6A$$$O3i 0.97 2.62 3.531 (3) 157
C6eH6B/O1ii 0.97 2.52 3.255 (3) 132
C7eH7A$$$O2iv 0.97 2.55 3.208 (3) 126
C7eH7A$$$O6iii 0.97 2.55 3.317 (4) 137

Equivalent positions (I): (i) x,�yþ1/2, z; (ii)�xþ1/2,�yþ1, z�1/2; (iii)�xþ1/2, y�1/
2, z�1/2; (iv)�xþ1, �yþ1, �z; (v)�xþ1, �yþ1, �zþ1.
Equivalent positions (II): (i) �xþ1, y�1/2, �zþ1/2; (ii) x, y�1, z;
(iii) �xþ1, �yþ1, �z; (iv) �x, �yþ1, �z; (v) �x, y�1/2, �zþ1/2.

Fig. 2. Projection along the b axis of the atomic arrangement of (C8H12NO)$[NO3] (I).

Fig. 3. View of the asymmetric unit of (C8H14N4)$[ClO4]2 (II). Displacement ellipsoids
are drawn at the 40% probability level and H atoms are shown as small spheres of
arbitrary radii.
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located at x¼ 1/4 and x¼ 3/4 (Fig. 2). The organic entities are
anchored between these layers and connect them via CeH/O and
CeH/N hydrogen bonds to form an infinite three-dimensional
network (Fig. 2, Table 2).

The unit formula of compound (II), (2-(1-C4H9N2)C4H5N2)$
[ClO4]2, contains two inorganic perchlorate anions and one [2-(1-
C4H9N2)C4H5N2]2þ dication (Fig. 3). This compound crystallizes in
the monoclinic space group P21/c (Z¼ 4). In the atomic arrange-
ment, the organic cations are inserted between the mineral anions
via NeH/ O and CeH/ O hydrogen bonds ensuring the cohesion
and the stability of the crystalline edifice so as to generate a three-
dimensional structure (Fig. 4). It should be noted that the Cl(2)O4
groups are connected to the -NH2

þ ions via NeH/O hydrogen
bonds to form ribbons propagating along the b-axis direction at (1/
2, 0, 0) and (1/2, 0, 1/2) (Fig. 6, Table 4). Within the ribbons, various
graph-set motifs are recognizable, including R4

2(12) and R2
2(4)

rings (Fig. S2).
The conformation of the piperazine six-membered ring can be
described in terms of Cremer and Pople puckering coordinates [25],
i.e., evaluating the parameters Q (total puckering amplitude), q2, q3,
q and 4. The calculated values are as follows: Q¼ 0.5655 Å,
q2¼ 0.0247 Å, q3¼ 0.5650 Å, q¼ 2.51� and 4¼�94.08�.
3.2. Hirshfeld surfaces and fingerprint plot analysis of the
intermolecular hydrogen bond interactions for both compounds (I)
and (II)

The nature of intermolecular interactions existing in com-
pounds (I) and (II) were examined using Hirshfeld surface plots
generated using the CrystalExplorer software [26]. The Hirshfeld
surfaces represent the partition into molecular fragments of the
total crystalline electron density [27]. The Hirshfeld surface is an
extension of the Hirshfeld concept which divides the electron
density of a molecule into continuous atomic fragments. In analogy
with this concept a molecule in a crystal is defined by a weight
function:



Fig. 4. Projection along the an axis of the atomic arrangement of (C8H14N4)$[ClO4]2 (II). A polyhedral representation is used for ClO4.

Fig. 5. View of the dnorm quantity mapped on the Hirshfeld surface of the asymmetric
unit of compound (I). The red color represents the area on the surface where the atoms
make intermolecular contacts closer than the sum of their Van der Waals radii. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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wðrÞ ¼
X

i2molecule

riðrÞ
, X

i2crystal

riðrÞ

¼ rpromoleculeðrÞ
.
rprocrystalðrÞ

where r(r) is a spherically averaged Hartree-Fock atomic electron
density function centered at the nucleus, and the pro-molecule and
pro-crystal are the sums over the atoms belonging to a single
molecule and the crystal, respectively. Thew(r) function is cut off at
0.5 Å which ensures a maximum proximity of neighboring molec-
ular volumes and prevents overlap. A typical molecular Hirshfeld
surface contains tens of thousands of individual points, each having
awell-defined di and de pair [28,29]. di represents the distance from
the surface to the nearest atom in the molecule itself, and de the
distance to the nearest atom outside the molecule. As such, they
reveal details of close contacts betweenmolecules, especially in the
vicinity of hydrogen bonds. The enrichment ratios [30] of contacts
between the different chemical species were computed in order to
highlight which contacts are favored and are likely to be the crystal
driving force. The red spots on the surface represent H/O contacts
to neighboring molecules which correspond to the NeH/O and
CeH/O hydrogen bond interactions between the molecules inside
the surface and the molecules which surround it. In fact, three
NeH/O and one CeH/O hydrogen bonds exist in the structure of
compound (I) (Fig. 5). The H/O hydrogen bonds represent half of
all the contact surface (50.4%). They are enriched with E¼ 1.52 and
these favorable electrostatic interactions are an important
contributor to the crystal stability (Figs. S3ea, Table 3). The H/H
are the next most abundant interactions (26.3%), but these contacts
are mildly impoverished (E¼ 0.67) [31]. The H/H contacts are
generated between the organic cations inside the surface and the
other molecules outside the Hirshfeld surface (Fig. S3b, Table 3).
The H/C contacts represent the third most important interaction
surface (18.2%) and are over-represented with higher enrichment
ratio equal to 1.51 (Fig. S3c, Table 3). The H/N contacts are over-
represented with an enrichment value E¼ 1.60, as there are two
NeH/N hydrogen bonds in the crystal structure of compound (I)
(Fig. S3d, Table 2). The C/O and O/O contacts are impoverished
with small enrichment values equal to 0.21 and 0.11 respectively
[32].

Figure S4 illustrates the distribution of the percentages relative
to the interactions existing in compound (I), showing the domi-
nation of the H/O/O / H interactions. This suggests that these
strong electrostatic attractions are the driving force of crystalline
packing [33].

For compound (II), the visualization of the Hirshfeld three-
dimensional dnorm surface (Fig. 6) reveals intensive red spots,
which indicate the presence of OeH/O hydrogen bonds. Indeed,
four NeH/O and eight CeH/O hydrogen bonds exist in the crystal
structure of compound (II). On the other hand, the dnorm surface has
light spots that correspond to H/H and H/N interactions with



Table 3
Contacts, enrichment ratios, chemical proportions on the Hirshfeld surface, and major interaction types of compound (I).

Surface (%) H
62.25

C
9.65

O
26.55

N
1.65

Major Contacts O/H H/H H/C H/N C/O O/O
Proportion (%) 50.4 26.3 18.2 3.3 1.1 0.8
Enrichment (Exx/Exy) 1.52 0.67 1.51 1.60 0.21 0.11

Fig. 6. View of the dnorm quantity mapped on the Hirshfeld surface of the asymmetric
unit of compound (II). The red color represents the area on the surface where the
atoms make intermolecular contacts closer than the sum of their Van der Waals radii.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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organic molecules. Globally, H/O/O/H intermolecular in-
teractions are the most abundant contacts which connect the
organic cations with the perchlorate anions. This type of interaction
represents more than the half of all the contact surface (70%) and is
enrichedwith an enrichment ratio around 1.63 (Figs. S5ea, Table 4).
This suggests that these strong electrostatic attractions are the
driving force in the crystal packing formation [33].

The H / H contacts are the second most frequent contacts with
a percentage of 14.1% due to the abundance of molecular hydrogen
on the molecular surface (52.8%) but this type of interaction is
under-represented with an enrichment ratio equal to 0.50 (Fig. S5-
b, Table 4), reflecting the attraction of organic cations with each
other. The H / N contacts represent 4% of all contacts and they are
also over-represented with an enrichment ratio equal to 1.16
(Table 4). The C/O contacts are enriched with an enrichment value
greater than unity (EC … O¼ 1.27). The H/ C and O/N contacts are
moderately enriched as the enrichment ratios are close to unity
(0.91 and 0.95 respectively). The auto-contacts O/O are
Table 4
Enrichment ratios, chemical proportions on the Hirshfeld surface, and major inter-
action types of compound (II).

Atomes Cl H O N C

% surface 0 52.8 40.45 3.25 3.5

ECl … 0 0 0 0 0
EH … 0.50 1.63 1.16 0.91
EO … 0.14 0.95 1.27
EC … 0 0
impoverished as they are electrostatically repulsive.
Figure S6 shows also the different percentages of the intermo-

lecular contacts in compound (II) and shows clearly the great
dominance of the O/ H/H/O contacts.
3.3. HOMO-LUMO analysis for compounds (I) and (II)

Calculation of the HOMO/LUMO energy levels are very helpful to
predict the chemical behavior of the desired compound. HOMO-
LUMO orbitals were calculated from the crystal Data with the
DFT-B3LYP/6-311þþG** method for compounds (I) and (II) using
the Gaussian 09 software [34] and are displayed in Fig. 7 (a& b). For
compound (I), the highest occupied molecular orbital (HOMO) is
located mainly on a nitrate anion which behaves as an electron
donor with a calculated energy of �0.148 eV, while the lowest
unoccupied molecular orbitals (LUMO) is concentrated on the
methyl group of the organic molecule which behaves as an electron
acceptor with a calculated energy of 2.907 eV. The global chemical
descriptors of the compound (I) are: ionization potential (I)¼ -
EHOMO¼ 0.148, electron affinity (A)¼ -ELUMO ¼ �2.907, chemical
potential (m) ¼ - (I þ A)/2 ¼ 1.379, the global hardness (h) ¼ (I-A)/
2 ¼ 1.527, softness (n) ¼ 1/h ¼ 0.65, electronegativity (c) ¼ (I þ A)/
2 ¼ �1.379 and electrophilicity index (u) ¼ m2/2h¼ 0.62. A large
HOMO-LUMO energy gap indicate that the compound is “hard”
while a small HOMO-LUMO energy gap indicates that the com-
pound is ”Soft”. The large energy gap between the HOMO and
LUMO orbitals in compound (I) is 3.055 eV and implies a good
stability and a high chemical hardness for the compound (I) [35]. In
compound (II), the HOMO orbital is located on a perchlorate anion
while the LUMO orbital is localized on the aromatic ring of the
organic molecule. The different characteristics deduced from these
values are: Ionization potential (I)¼ -EHOMO¼ 4.455, electron af-
finity (A)¼ -ELUMO ¼ 2.136, chemical potential (m) ¼ - (I þ A)/
2 ¼ �3.295, global hardness (h) ¼ (I-A)/2 ¼ 1.159, softness (n) ¼ 1/
h ¼ 0.86, electronegativity (c) ¼ (I þ A)/2 ¼ 3.295 and electro-
philicity index (u) ¼ m2/2h¼ 4.683. The large energy gap between
the HOMO and LUMO orbitals in the compound (II) is 2.319 eV,
suggesting that the compound (II) is kinetically also stable mole-
cule and has a high chemical reactivity because it is energetically
favorable to add electron to a high-lying LUMO and to extract
electrons from low-lying HOMO [36]. The energy distribution of the
different orbitals for both compounds are shown in Fig. S7 (a & b).
3.4. Molecular Electrostatic Potential analysis (MEP)

The MEP maps for both compound are shown in Fig. 8 (a & b).
The MEP is used to determine the nuclear and electronic charge
distribution of a given molecule. The maps were obtained at the
B3LYP/6-311Gþþ (d,p) level of theory. Moreover, blue and red colors
indicate the positive and negative potentials, respectively. As it can
be seen from Fig. 8 a, the electrostatic potential maps are color-
coded and are subdivided into many regions where those various
colors are used to identify different potentials. Intermediate po-
tentials are assigned to colors according to the following color
spectrum: red< orange< yellow< green< blue. This figure



Fig. 7. Frontier molecular orbitals (HOMO and LUMO) of compounds (I) and (II).
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demonstrates the electronic transfer between the NO3 anion and
the organic molecule of the compound (I). The positive region is
localized on the NH3 group while the negative region is located on
the oxygen. When the nitrate anions are taken into account, the
NH3 group is enriched in electrons, the less rich part is around the
aromatic carbon. For compound (II), Fig. 8 b demonstrates also the
electronic transfer between the ClO4 anions and the organic
molecule. The positive region is located on the NH2 group and the
negative region is localized on the aromatic ring. When we take
into account the perchlorate anions, the aromatic ring becomes
more deficient in electrons. The transfer is sharper with the dis-
tribution of charges.
3.5. Mulliken population analysis

The Mulliken charge transfer of atomic orbitals [37,38] was
obtained using the B3LYPmethodwith the 6-311Gþþ (d,p) basis set.
The charge distribution of all atoms in compound (I) is shown in
Table 5. All hydrogen atoms carry positive charge in the range
0.144e0.363. The atomic charge distribution shows the two carbon
atoms have positive charges (C3: 0.420 and C7: 0.091 for compound
(I) and C2: 0.20, C4: 0.34 and N3: 0.23 for compound (II)) while the
other atoms (C1, C2, C4, C5, C6, C8, O, N for compound (I) and C1, C3,
C5, C6, C7, C8, N1, N2 and N4 for compound (II)) have negative
charges.

For compound (I), the three nitrate ions interacting with the
NH3 group were taken into account in order to see the electronic
transfer between the organic and inorganic parts. When we count
all the charges on the organic molecule, we found (þ1) for the
organic molecule but only (þ0.888) for the systemwith the nitrate
anions, which means that these last ones have transferred 0.112
electron. This transfer is essentially on the benzene ring.

For compound (II), whenwe count all the charges on the organic
molecule, we found (þ1) for the organic molecule but only þ0.621
for the system where we take the perchlorate anions into account,
which means that these last ones transferred 0.38 electron. This
transfer is essentially on the benzene ring and more particularly on
the C3 and C8 carbon atoms (Table 5).

3.6. NMR results

For compound (I), two 13C CP-MAS NMR spectra were recorded,
the first one with a contact time of 2ms to see all carbons
(Figs. S8ea) and the second one with a contact time of 150 ms to
preferentially see the carbons directly linked to protons
(Figs. S8eb). It can then be deduced that the peaks at 158 and
124 ppm correspond to carbons that are not bound to protons, their
intensity being much lower. In the resonance zone of aliphatic
carbons, the spectrum has two sharp lines at 41.6 ppm and
50.5 ppm corresponding respectively to the methylenic and
methoxylic carbons. In the resonance region of aromatic carbons,
between 110 and 160 ppm, the spectrum contains five peaks. The
other peaks are the spinning side bands of the aromatic carbons.
This number of NMR components proves the presence of a single
organic entity in the asymmetric unit of the compound, which is in
full agreement with the crystallographic data.

The 15N CP-MAS NMR spectrum of compound (I), presented in
Fig. S9, is in good agreement with the structure determined by X-
ray diffraction. It exhibits two well resolved peaks at 375.1
and �24.8 ppm, corresponding to the two crystallographically in-
dependent nitrogen sites, which proves the presence of a single
organic moiety in the asymmetric unit of the compound.

The 13C CP-MAS NMR spectrum obtained for compound (II) is
displayed on Fig. S10. It shows four well resolved resonance peaks
between 109 and 168 ppm corresponding to the four aromatic
carbon atoms of the organic cation. This proves the presence of a
single organic entity in the asymmetric unit of the compound, a
result in good agreement with the crystallographic data. In the
resonance region of the aliphatic carbons, only two peaks are
resolved corresponding to the four aliphatic carbon atoms of the
piperazinium ring. This is probably due to the fact that the signals
overlap in pairs.

The 15N CP-MAS NMR spectrum of compound (II) (Fig. S11),
exhibits three peaks at �251.9, �308.5 and �3.66 ppm corre-
sponding to the four nitrogen atoms of the organic cation. This
number of NMR components, less than four, is consistent with the
presence of a single organic entity in the asymmetric unit of the
compound.



Fig. 8. Molecular Electrostatic Potential maps of the two compounds (I) (a) and (II) (b).

Table 5
Mulliken charge transfer in compound (I). For the numbering of atoms, see below.

Atoms Cation charge Cation þ nitrate charge

O �0.141 �0.176
N �0.232 �0.255
C1 �0.737 �0.344
C2 �0.316 �0.350
C3 þ1.106 þ0.420
C4 þ0.105 �0.183
C5 �0.395 �0.235
C6 �0.454 �0.664
C7 �0.009 þ0.091
C8 �0.689 �0.344
H(C1) þ0.246 þ0.219

þ0.246 þ0.219
H(C2) þ0.163 þ0.150

þ0.206 þ0.144
þ0.163 þ0.150

H(C4) þ0.183 þ0.227
H(C5) þ0.219 þ0.159
H(C7) þ0.216 þ0.173
H(C8) þ0.045 þ0.143
H(N) þ0.357 þ0.363

þ0.361 þ0.351
þ0.357 þ0.363

Table 6
Comparison of calculated and experimental chemical shift values (ppm) of carbon atom

Atoms Organic molecule

Full optimisation Proton optimisation

C1 54.2 47.6
C2 57.9 57.6
C3 118.7 117.6
C4 132.6 131.0
C5 131.4 129.5
C6 172.2 171.3
C7 115.4 114.2
C8 121.1 119.3
NH3 �365.7 �366.5
NO3 �14.3 �14.3
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The 35Cl MAS NMR spectrum obtained for compound (II) is
displayed on (Fig. S12). It shows a signal corresponding to a
perchlorate [39]. Its shape is typical for a quadrupolar nucleus and a
simulation leads to the following parameters:

For Cl(1) atom, diso¼ 1009.87 ppm, etaQ¼ 0.84 and
nuQ¼ 247.97 (kHz)
For Cl(2) atom, diso¼ 1004.92 ppm, etaQ¼ 0.58 and
nuQ¼ 513.52 (kHz)

Theoretical calculations were undertaken in order to assign the
NMR resonances to the different crystallographic non-equivalent
carbon atoms of the unit cell. The chemical shifts calculations
were made on the organic molecules only. X-ray diffraction data
give CeH or NeH distances which are too small compared to what
is usually observed (typically below 0.1 nm) due to the fact that this
method is not sensitive to the nuclei but to the electrons and so
gives values corresponding to distances between the barycenters of
electronic charges. As a consequence, the positions of the hydrogen
atoms were first optimized with the B3LYP/6-311þþG** method,
the other atoms being frozen. Then the absolute chemical shifts
were calculated using the GIAO method. Finally, the calculated
values were calibrated relative to tetramethylsilane with
s in (I).

Organic molecule þ nitrate anion Experiment

45.5 41.7
56.0 50.5
139.3 124
134.9 126
108.8 111
161.2 158
117.2 119
131.2 124
�362.3 �375
�16.6 �25



Table 7
Comparison of calculated and experimental chemical shift values (ppm) of carbon atoms in (II).

Atoms Organic molecule Organic molecule þ perchlorate anions Experiment

Full optimisation Proton optimisation

C1 157.4 154.3 155.8 152.4
C2 179.2 175.1 168.1 167.0
C3 123.1 117.6 108.6 109.8
C4 153.3 147.8 154.0 145.5
C5 44.1 44.9 43.0 41.9
C6 45.9 43.4 45.8 41.9
C7 53.8 52.6 47.5 44.4
C8 51.3 47.7 48.8 44.4
N1 �114.9 �118.1 �121.2 �128a

N2 �249.6 �256.1 �241.3 �251.9
N3 �298.9 �301.3 �282.6 �308.5
N4 �349.4 �348.8 �353.1 �366.2

a very weak peak that barely emerges from background noise.

Fig. 9. Comparison between experimental and calculated IR frequencies. (a) (I) and (b)
(II).

I. Bayar et al. / Journal of Molecular Structure 1161 (2018) 185e193192
dexp¼ 0 ppm. The atoms are labeled as depicted below:

The results are listed on Table 6 and Table 7. Clearly, there is a
very good agreement between the experimental and theoretical
values calculated after optimisation of the position of the protons,
particularly when taking into account the hydrogen bonding in-
teractions, allowing unambiguously the attribution of the different
NMR signals.

3.7. IR spectroscopy

FT-IR spectroscopy is a widely used technique for the charac-
terization of new solid phases. The IR spectra of compounds (I) and
(II) are given in Figs. S13ea and S14-a, respectively. The charac-
teristic vibrational modes of the two compounds can be compared
to those of similar perchlorate and nitrate compounds [40,41].

The molecular structures of both compounds have various
functional groups such as NH3

þ, NH2
þ, NeH, CeH, CeN, C]C and C]

N. These groups are expected to undergo changes in their intensity
and position according to their environments [42].

Hydrogen bonding interactions are able to affect the frequency
as well as the intensity and width of these vibrations. As these
structures feature NeH/O hydrogen bonds, the NeH stretching
modes are altered largely. In the high-frequency region, between
3600 and 2300 cm�1, the observed bands correspond to the
stretching vibrations of the NeH, CeH and CeN groups [43]. The
peaks appearing in the range 1461e1313 cm�1 can be assigned to
NeH bending modes of NH2

þ and NHþ. The bands in the 1642-
1100 cm�1 region correspond to the aromatic CeC and CeN groups.
The bands between 1000 and 700 cm�1 are assigned to the out-of-
plane bending modes g(CaryeH) and g(CaryeC).

For the NO3
� anion, Figs. S13ea shows different groups of bands

between 1400 and 700 cm�1. In this case, the intense peak
appearing at 1313 cm�1 is attributed to the asymmetric stretching
vibration of NO3

� (n3). The bands between 1140 and 940 cm�1 are
related to the symmetric stretching modes n(NO3). The shoulder at
823 cm�1 and the weak band at 721 cm�1 are attributed respec-
tively to the g(NO3) in the plane bending and d(NO3) out of the
plane bending modes.
Fig. S14-b shows that the asymmetric stretching vibration of the
ClO4

� anion is observed as intense peaks at 1067 and 1093 cm�1. The
band at 713 cm�1 is assigned to awagging vibration and the peak at
624 cm�1 is assigned to a twisting vibration of the anion.

DFT calculations of the frequencies were made on the geometry
obtained after optimisation of the protons. An additional calcula-
tion was also made on the anion and the contributions of the two
components were summed to lead the full spectrum. The resulting
IR spectra between 500 and 4000 cm�1 are shown on Figs. S13eb
for (I) and Figs. S14eb (II), respectively, and are very similar to
the experimental ones. A close agreement between the experi-
mental and theoretical wave numbers is mostly achieved in the
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finger print region as shown in Fig. 9-a for (I) and Fig. 9-b for (II).
Thus, the precision is well-sufficient to assign the experimental
frequencies and to confirm the attributions proposed above.

4. Conclusion

Both compounds, (C8H12NO) [NO3] (I) and (C8H14N4)$[ClO4]2
(II), were characterized by single crystal X-ray diffraction, Hirshfeld
surface analysis, DFT, Solid state NMR and FT-IR spectroscopy. Ac-
cording to our X-ray structural results, the different components
are held together in the atomic arrangement by means of sets of
hydrogen bonding contacts forming three-dimensional networks.
Investigation of intermolecular interactions and crystal packing via
Hirshfeld surface analysis reveals that the O/ H/H/O intermo-
lecular interactions are the most abundant contacts of the organic
cation in the crystal packing of both compounds. The enrichment
ratio, derived from the Hirshfeld contact surface analysis, allows
determiningwhich types of contacts are over-or under-represented
in crystal packing. The statistical analysis of crystal contacts reveals
the driving forces in the packing formation. NMR signals are in full
agreement with the crystallographic data. DFT calculations allow
the attribution of the experimental NMR lines and of IR bands at
low frequencies.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.molstruc.2018.02.032.
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