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Abstract 

The p-xylylenediaminium bis(nitrate) compound have been synthesized and then, it was 
characterized by using Fourier Transform infrared (FT-IR) in the solid phase and, by 
using the Ultraviolet-Visible (UV-Visible) and Hydrogen and Carbon Nuclear Magnetic 
Resonance (1H- and 13C-NMR) spectra in aqueous solution and in dimethylsulfoxide 
solvent. In this work, two monodentate and bidentate coordination modes were 
considered for the nitrate ligands in both media in order to study the structural and 
vibrational properties of that salt. Hence, the natural bond orbital (NBO), atoms in 
molecules (AIM), Merz-Kollman (MK) charges, molecular electrostatic potentials 
(MEP) and frontier orbitals studies were performed for p-xylylenediaminium 
bis(nitrate) and their cation and anion species taking into account for the salt those two 
coordination modes for the nitrate ligands. The intermolecular interactions of this salt 
were also evaluated by Hirshfeld surface analysis. The B3LYP calculations performed 
by using the hybrid method and the 6-311G* and 6-311++G** basis sets generate 
monodentate and bidentate structures with Ci and C2 symmetries, respectively. The 
force fields and the force constants values for these two structures were also computed 
and their complete vibrational assignments were performed by using those both levels 
of theory. The strong band at 1536 cm-1, the bands between 2754 and 2547 cm-1 and the 
bands between 1779 and 1704 cm-1 support clearly the presence of the dimeric species 
while the IR bands at 1986/1856 cm-1 could justify the presence of the bidentate species 
in the solid phase. 
Keywords: p-Xylylenediaminium bis(nitrate), vibrational spectra, molecular structure, 
force field, DFT calculations. 
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1. Introduction 

The nitrate compounds and their structural and vibrational properties are very attractive 

to study from different points of view because the coordination modes of these groups 

have influence on their reactivities and on the stereochemistry of these compounds [1-

4]. Thus, they can be used in multiple applications such as precursors catalytic of 

numerous reactions, in biological treatment systems or as pharmacological products [1-

5]. In this latter case, it is very important to know the pharmacokinetics and the 

mechanisms of action of nitrates groups because when they are employed in pharmacy, 

as in the glyceryl trinitrate case, their measurement of plasma concentrations are very 

difficult, as mentioned by Bogaert [6]. On the other hand, in inorganic compounds 

where these groups are linked to transitions metals, two monodentate or bidentate 

coordination modes can be observed in these nitrate ligands when two or three charges 

are present on the metal. For instance, in chromyl, vanadyl or niobyl nitrates those two 

coordination modes were observed on the CrO2
2+, VO3+ and NbO3+ groups, respectively 

[1,2,4]. Many organic nitrate esters, such as Glyceryl trinitrate, isosorbide dinitrate, and 

isosorbide-5-mononitrate are generally used in the treatment of angina pectoris, 

myocardial infarction, and congestive heart failure, as reported by Torfgård and Ahlner 

[5]. For all these reasons, their structural studies are of interest as well chemical as 

biologically. In this work, we have synthesized and studied p-xylylenediaminium 

bis(nitrate), an organic compound containing a p-xylylene C6H4(CH2)2 group in their 

structure where each CH2 group is linked to a NH3
+ group which are connected to NO3

-

groups. Chemically, the p-xylylene groups undergoes rapid polymerization to poly-p-

xylylene and, for this reason, it is particularly interesting to also evaluate their 

properties from this point of view. In particular, when the p-xylylenediaminium 

structure is present in a compound interesting structural and biological properties were 

found [7-10]. So far, only the structure for m-xylylenediaminium dinitrate was reported 

where the two nitrate groups are in meta positions in relation to the benzene ring [8]. 

Here, the two nitrate groups are in para positions and, for this reason, changes in their 

properties are expected for this compound. The experimental infrared spectrum of p-

xylylenediaminium bis(nitrate) in the solid phase and the UV-Visible and 1H- and 13C-

NMR spectra in aqueous and dimethylsulfoxide solutions were combined with 

theoretical calculations derived from the density functional theory (DFT) in order to 

study the structures of p-xylylenediaminium bis(nitrate) taking into account the two 

monodentate and bidentate coordination modes of the nitrate groups. At this point, the 
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hybrid B3LYP method with the 6-311G* and 6-311++G** basis sets [11,12] were used 

to perform the calculations of their charges, bond orders, molecular electrostatic 

potential, donor-acceptor energy interaction, topological properties and frontier orbitals. 

Similar calculations were also performed to the p-xylylenediaminium cation and to the 

nitrate anion in order to compare the influence of both on the properties of the salt. In 

addition, their force fields for the isolated molecule considering monodentate and 

bidentate coordination modes were performed with the scaled quantum mechanical 

force field (SQMFF) methodology and the Molvib program [13,14]. Then, the complete 

assignments of the 90 vibration normal modes were performed for those two 

coordination modes. Here, the force constants for the nitrate and ammonium groups 

were compared with other reported for similar molecules [1-4].  

2. Experimental methods 

2.1. Preparation of C8H14N2(NO3)2 (PXDAN) 

The organic-inorganic hybrid material C8H14N2(NO3)2 was synthesized by the reaction 

containing 1mmol of p-Xylylenediamine dissolved in 10 mL of water and 2mmol of 

Nitric acid in 10 mL of water. The resulting solution was stirred for 2 hrs, filtered and 

then left to stand at room temperature. Colorless crystals of very high quality were 

obtained after 10 days with a slow evaporation. A single crystal suitable for X-ray 

diffraction analysis was selected and studied. Schematically the reaction can be written: 

2.2. Characterization 

The p-xylylenediaminium bis(nitrate) compound was characterized in the solid state by 

using the FT-IR spectrum while the ultraviolet-visible spectra and 1H- and 13C-NMR 

spectra were recorded in aqueous and dimetilsolfoxide solutions.  

3. Computational details The intensity data were collected at 150 K using a 

diffractometer Bruker-AXS D8 VENTURE, with MoK� radiation (� = 0.71073 Å). 

Absorption corrections were performed using the multi-scan technique using the 

SADABS program [15]. The total number of measured reflections was 5946 among 

which 1312 were independent and 1221 had intensity I > 2�(I). The structure was 

solved by direct methods using the SIR97 program [16] and then refined with full-

matrix least-square methods based on F2 (SHELXL-97) [17] with the aid of the WINGX 
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program [18]. All non-hydrogen atoms were refined with anisotropic atomic 

displacement parameters. All the hydrogen atoms were placed in calculated positions 

and refined with fixed individual displacement parameters [Uiso(H) = 1.2Ueq(C) and 

Uiso(H) = 1.5Ueq(N)] according to the riding model (N–H bond lengths of 0.89 Å, and 

C–H (aromatic, methylene) bond lengths of 0.93 � and 0.97 � , respectively).  

A final refinement on F
2 converged at R(F2) = 0.030 and wR(F2) = 0.082. The 

parameters used for the X-ray data collection as well as the strategy for the crystal 

structure determination and its final results are reported in Table 1. An ORTEP [18]

drawing of the molecular structure is shown in Fig. 1a. 

Supporting information (CIF files) can be obtained from the CCDC database free-of 

charge via http://www.ccdc.cam.ac.uk/structure-summary-form quoting the CCDC 

reference number CCDC-1553215 or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB21EZ, UK; or by email to 

deposit@ccdc.cam.ac.uk. 

The theoretical initial structure of p-xylylenediaminium bis(nitrate) (PXDAN) was 

similar to that experimentally determined by X-ray diffraction where monodentate and 

bidentate coordinations were observed for both nitrate groups. Then, other theoretical p-

xylylenediaminium bis(nitrate) structure was proposed which was modelled by using 

the GaussView program [19] where the two nitrate groups have bidentate coordination 

modes. Those two different structures were later optimized by using the hybrid B3LYP 

method and the 6-311G* and 6-311++G** basis sets with the Gaussian 09 program 

[20]. Both structures with the nitrate ligands with monodentate and bidentate 

coordination modes can be seen in Figures 2 and 3, respectively. The ionic interactions 

expected for both nitrate groups were evaluated by using the Mulliken, the atomic 

natural population (NPA) and the Merz-Kollman (MK) charges [21] because with it 

latter charge it is possible to compute the corresponding molecular electrostatic 

potential. The intermolecular interactions were also studied by Hirshfeld surface 

analysis which was carried out using the Crystal Explorer 3.1 software [22] imported on 

a CIF file. In this study, NBO calculations [23] were used to calculate the donor-

acceptor energy interactions while the topological properties were determined with the 

AIM2000 program [24] in accordance with the Bader’s theory [25]. These calculations 

were performed in gas phase by using the Gaussian 09 program [20].  

The SQMFF procedure [13] and the Molvib program [14] were also used to compute 

the force fields for the two coordination modes taking into account their corresponding 
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normal internal coordinates and potential energy distribution (PED) contributions ≥

10%. Besides, the dimer of p-xylylenediaminium bis(nitrate) was also considered 

because many bands observed in the experimental infrared spectrum are also justified 

with bands related to this species. The dimeric species optimized by using the 

B3LYP/6-311+G* method present the two coordination modes, as shown in Figure 4. 

Here, it is necessary to clarify that the internal coordinates for both coordination modes 

of the nitrate groups were similar to those reported for other nitrate compounds [1-4] 

while the corresponding to the ring are very simple and are widely known [26-28] and, 

for these reasons, they were not presented in this work.  

The predicted ultraviolet-visible spectrum for this nitrate compound with both 

monodentate and bidentate structures were also predicted in aqueous solution and, in the 

dimethylsulfoxide solvent by using Time-dependent DFT calculations (TD-DFT) at the 

6-311++G** and 6-311G* levels of theory, respectively with the Gaussian 09 program 

[20]. The optimizations of p-xylylenediaminium bis(nitrate) in these two solvents were 

performed by using the self consistent force field (SCRF) calculations with the PCM 

and SM models [29-31]. The volume variations that experiment p-xylylenediaminium 

bis(nitrate) in both solvents were computed with the Moldraw program [32]. The 

solvation energies predicted for PXDAN were also reported taking into account the two 

coordination modes expected for the nitrate ligands. On the other side, the reactivities 

and the behaviors of the salt and their cation and anion species in aqueous solution and 

in DMSO solvent were also predicted by using the frontier orbitals [33,34] together 

with well-known descriptors in order to observe the effects of both ions on the salt 

properties [26-28,35].  

4. Results and discussion 

4.1. X-ray diffraction

The asymmetric unit of the title salt, C8H14N2
2+.2NO3

- contains one nitrate anion and a 

half of p-xylylenedaminium cation (Fig. 1a), the complete dication is generated by 

crystallographic inversion symmetry. Bond distances and bond angles of PXDAN are 

listed in (Table 3). 

The structure is characterized by infinite sheets shaped by p-xylylenediaminium cations 

and nitrate anions through hydrogen bond types N-H…O and C-H…O. These sheets are 

parallel to the ab plane at z = ¼ and 3/4, which are linked to a further by additional 

hydrogen bonds along the c-axis, therefore forming the three dimensional infinite 

network (Fig. 1b).  



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

6

Inside this arrangement, all atoms in the nitrate anion are coplanar with the bond 

distances for O-N varying between 1.2341(11) and 1.2670(11) Å. The O-N-O angles 

were in the range of 118.23(8) - 121.11(8) °. These bond lengths and angles are in good 

agreement with those observed in similar compounds [8, 36]. 

Assessment of the organic geometrical features (Table 3) shows that the p-

xylylenediaminium cation exhibits a normal spatial configuration with C-C and N-C 

distances and C-C-C, N-C-C, C-N-C and C-C-C angles quite similar to those found in 

xylylenediamine derivatives [ 8,10].  

Both ammonium groups in organic cation adopt a trans conformation with respect to the 

benzene ring. The same conformation has been observed in other compound associated 

to the identical organic cation [37].

All the hydrogen atoms bonded to the amine group of p-xylylenediaminium dication 

contribute to the formation of N-H…O hydrogen bonding pattern with nitrate anions 

(Table 2). Organic cations are also connected together via C-H …  interactions 

forming subsequently infinite chains spreading along the a-axis (Fig. 1c). 

H bonds (N-H…O), weak interactions (C-H … O and C-H … ), and van der Waals 

contacts give rise to a three-dimensional network in the structure and add steadiness to 

this compound. 

4.2. Structural study in gas and in solution phases

The theoretical p-xylylenediaminium bis(nitrate) structure is completely symmetrical 

and it was optimized by using B3LYP/6-311G* and 6-311++G** calculations with Ci

symmetry and null dipole moment and, where monodentate coordination modes are 

observed in the two nitrate groups. Besides, the NH3
+ groups have practically 

tetrahedral bond angles while the bonds N-H linked to the nitrate groups are longer than 

the other ones, as observed in Figure 2. On the other hand, the other theoretical 

proposed PXDAN structure with bidentate coordination modes was optimized with C2

symmetry and with imaginary frequencies by using 6-31G* and 6-311++G** basis sets 

while when the calculations were performed by using the 3-21G* and 6-311G* basis 

sets all frequencies were positive, indicating the possible existence of this structure in 

gas phase and/or in solution. Here, this structure was also considered in this study 

because the calculations with bidentate coordination modes in solution generate positive 

frequencies. Obviously, for the bidentate structures all calculations were performed by 

using the 6-311G* basis set because this level generate the most stable structure, as 

revealed by the results presented in Table S1 (supporting material). These results show 
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that the monodentate species have dipole moment null in gas phase by using two levels 

of theory but, in aqueous solution the value increase up to 2.58 D while the bidentate 

form present higher dipole moment values especially in solution, having their higher 

value in water. Note that the monodentate form is practically most voluminous than the 

other one and present the higher volume expansion in DMSO. In this work, the cationic, 

anionic and p-xylylenediamine base of PXDAN were also modeled and optimized in all 

media by using the longer size basis set. These calculations clearly show that the nitrate 

anion has a low volume value in aqueous solution but it anion presents the higher 

volume variations, as expected because it ion is soluble in this medium. On the contrary, 

the p-xylylenediaminium cation presents the lower volume variations in the two media 

and, also the more low values. On the other hand, those three species have null dipole 

moments in the three different studied media.  

The predicted corrected solvation energies PXDAN for all species studied by using the 

6-311++G** basis set and considering both monodentate and bidentate coordination 

modes for the nitrate groups can be seen in Table S2. These values were computed 

from the differences between the uncorrected values and the non-electrostatic terms 

(∆Gc = ∆Gun -∆Gne) calculated from the universal SM calculations [31]. When the 

solvation energies are in detail analyzed we observed that the cationic species present 

higher values in solution than the other ones probably because it is a double charged 

species while the values for the nitrate anion are closer to the corresponding to the salt 

in water. Obviously, we expected that the charged ionic species are most hydrated in 

both solvents and, for these reasons, they have the higher values. Hence, the presence of 

the nitrate groups in PXDAN increases strongly the solubility of the salt, as compared 

with their p-xylylenediamine base while the presences of two additional 2H+ in the base 

increase significantly the solvation energy of the cation in water from -47.67 kJ/mol in 

the base up to -821.55 kJ/mol in the cationic form.  

The theoretical parameters for those two coordination modes are compared in Table 3 

with the corresponding experimental ones by using the root mean square deviation 

(RMSD) values while in Table 4 are presented the parameters for PXDAN in aqueous 

solution and in dimethylsulfoxide solvent. The calculations show that both ammonium 

groups in each cation present trans conformation with respect to the benzene ring, as 

was experimentally observed in similar studies [7-10]. The calculated bond lengths 

show a better concordance with the experimental ones than the bond angles with values 

between 1.015 and 0.884 Å in gas phase while in solution increase between 1.120 and 
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0.965 Å. The bond lengths variations in all media can be seen in Figure S1 for the two 

monodentate and bidentate structures at different levels of theory. Analyzing first for 

the monodentate species, it is possible to observe: (i) similar bond lengths in both nitrate 

and amonium groups, as expected because this species is symmetrical having in water 

the longer N-H bonds due to that these bonds are linked to the nitrate groups, (ii) the N-

O bonds have approximately the same values than the experimental ones, (iii) only two 

N-H bonds of the three belong to the NH3
+ groups in water and in dimethylsulfoxide 

present identical values but very different from the values in gas phase. Hence, the N5-

H6 and N17-H18 bonds in gas phase have values very different from the experimental 

ones probably because the existences of these nitrato and amonium ions are observed 

only in solution. In relation to the C-C bonds belong to the ring, all them have 

practically the same values with exception of the C26-C21 bond that shows a low 

values in water. The O1-H6 and O29-H18 distances are similar in solution but very 

different to the experimental values and to those observed in gas phase, showing in this 

medium the lowest values. On the other side, the N5-C11, N17-C23, C11-C16 and C23-

C28 bonds present the same values in all media and are in agreement with the 

experimental ones. When the bond lengths are analyzed for the bidentate species in all 

media, it is possible to observe very different behaviours than the structures with 

monodentate coordination modes and, in this case, all the bonds lengths have practically 

the same values than the experimental ones with exception of the O1-H6 and O29-H18 

distances which have different values in the three media. Therefore, the O1-H6 bonds 

are similar in solution but the O29-H18 distances values in gas phase are closer to the 

experimental ones. In this structure, all the C-C bonds are predicted in accordance with 

the experimental values. The similarities observed between the predicted distances for 

the bidentate coordination with the experimental ones suggest the existence of this form 

in the solid phase. 

Analyzing the bond angles of both structures from Figure S2 whose values are 

presented in Tables 3 and 4, we observed similar behaviours of all angles for the 

monodentate and bidentate coordination modes but different from the two N-H-O 

angles. Thus, in the monodentate form the N5-H6-O1 and N7-H8-O29 angles are 

approximately similar in the three media but only the N7-H8-O29 angles are in 

agreement with the experimental ones. A similar behaviour it is observed in the 

bidentate structure but, in this case the N5-H6-O1 angles in water is different than the 

observed in DMSO and only the value in gas phase is closer to the experimental one. 
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Here, the existence of the bidentate species in the solid state is supported by the 

concordance of practically all analyzed bond angles and by the low RMSD values 

calculated for these coordination modes, as indicated in Tables 3 and 4. 

In relation to the dihedral angles, both coordination modes show different behaviours in 

the three media, as observed in Figure S3. For the monodentate coordination, we 

observed a similar behaviour in gas phase and in water while for the bidentate species 

the angles in water and in DMSO solution show a reasonable concordance. The dihedral 

C16-C11-N5-H6 and O32-N31-O29-H18 angles in the monodentate structure in all 

media are in very good concordance but, in the bidentate coordination modes only are in 

agreement the values of those angles calculated in gas phase and in DMSO solution. 

The similarities in the bond lengths and angles calculated for both coordination modes 

together with the presence of both modes in the dimeric species clearly support the 

existence of those two coordination modes for the nitrate groups in the salt in the solid 

phase and, for these reasons, both structures can be used to perform the vibrational 

analysis. 

4.3. Charges, molecular electrostatic potentials (MEP) and bond orders (BO) 

The atomic Mulliken, MK and NPA charges, molecular electrostatic potentials and 

bond orders expressed as Wiberg indexes for PXDAN calculated by using the hybrid 

B3LYP/6-311++G** level of theory are observed for the monodentate case  in Table 

S3 while for the bidentate coordination it is observed in Table S4. Note that in this 

latter case, for the bidentate coordination in water the calculation produces imaginary 

frequencies and, for this reason, the values are not presented here. Figure S4 shows the 

variations of those three charges on all atoms belong to the NO3
- and NH3

+ groups of 

PXDAN calculated in gas phase at the same level of theory. We presented only the 

values in gas phase because the behaviors in water and in DMSO are practically the 

same. Both graphics show that the behaviors of those three charges on the atoms 

corresponding to the two NO3
- and NH3

+ groups symmetrical present the same values. 

This way, the MK and NPA charges predict approximately the same values for the O 

atoms of both NO3
- groups but the Mulliken charges on the N3 and N31 atoms exhibit 

negative signs instead positive as observed with the MK and NPA charges. In relation to 

the NH3
+ groups, we observed that the H7, H8, H19 and H20 have practically the same 

charges being slightly higher the NPA ones. The positive higher values are observed on 

the H6 and H18 atoms but the MK charges show lower values than the other ones. On 

the contrary, the MK charges on the N5 and N17 atoms exhibit the less negative values 
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than the other ones. When those three charges on the C and H atoms of PXDAN are 

analyzed in Figure S5, we observed that their variations follow approximately the same 

tendency where, the MK and NPA charges show the same behaviors, different from the 

Mulliken ones. Hence, only on the two C16 and C28 atoms are observed positive 

Mulliken charges while the most negative values are predicted on the C11 and C23 

atoms belong to the CH2 groups. 

Regarding the molecular electrostatic potentials values presented in Table S5 together 

with the bond order values, we observed similar values on all atoms belong to the NO3
-

and NH3
+ groups where the most negative values are observed on the O2, O4, O30 and 

O32 atoms linked to the N3 and N31 atoms forming N=O bonds in the NO3
- groups 

while the less negative values are observed on the H6 and H18 atoms forming 

monodentate coordinations with the nitrate groups. Hence, those two regions are easily 

identified by these values as nucleophilic and electrophilic sites. Here, the MEP surface 

mapped for the monodentate coordination was not possible to determine but Figure S6

shows the MEP surface mapped for the bidentate coordination of PXDAN calculated in 

gas phase at the B3LYP/6-311G* level of theory together with the MEP surface mapped 

for the nitrate ion. Obviously, the ion presents a strong red color on the entire surface, as 

expected because it is a negative ion while when these groups have bidentate 

coordination to the p-xylylenediaminium cation in PXDAN in gas phase green 

colorations are observed on these two groups. Here, that green colour could probably be 

justified because the calculations were performed in gas phase while in solution these 

groups are as ions.  

Analyzing the bond order values from Table S5 for all atoms belong to both 

coordination modes, evidently both NO3
- and NH3

+ groups also have the same values 

because both groups are symmetrical, as observed in the three charges values. Here, the 

monodentate coordination in gas phase present higher values that the other coordination 

mode in the same medium but, in solution the values for the O atoms decrease while for 

the N atoms slightly increase. In general, lower BO values are observed in the O1 and 

O29 because they are linked to the H6 and H18 atoms, respectively and, where these 

atoms also present the lowest values. 

4.4. Study of intermolecular interactions by Hirshfeld surface analysis 

The embedding and crystalline architecture of synthesized material were evaluated by 

Hirshfeld surface analysis [22]. This analysis provides the opportunity to obtain a 

quantitative overview of contacts and intermolecular interactions and illustrated on 
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fingerprint maps (2D). The Figure 5 shows the views of Hirshfeld surfaces mapped 

with dnorm, Shape index and curvedness properties of the C8H14N2(NO3)2 (PXDAN) 

compound. The expression of the normalized contact distance (dnorm) based on both de, 

di and the vdw radii of the atom, is given by the following formula: 

 =  + 

With de is the distance from the point to the nearest atom outside to the surface, di is the 

distance to the nearest atom inside to the surface, and indicates the van der 

Waals radii of the appropriate atoms internal and external to the surface, respectively. 

The normalized contact distance (dnorm) (Fig. 5a) makes it possible to graphically 

illustrate the relative positioning of neighboring atoms belonging to molecules 

interacting together. This graph type displays a surface with a color scheme (red, blue 

and white) where the red spots show the shortest intermolecular contacts less than the 

sum of the van der Waals rays attributed to the hydrogen bonds of types N-H ... O (large 

dark red spot) and C-H ... O (small light red spot). The blue zones indicate the longest 

intermolecular contacts greater than the sum of the van der Waals rays, and the white 

regions represent the contacts around the van der Waals separation. These two lines 

correspond respectively to the intercontacts H ... H and C ... H / H ... C [38]. The shape 

index (Fig. 5b) and curvedness (Fig. 5c) maps can be also used to identify the 

characteristic packaging patterns existing in the crystal. The absence of the red and blue 

triangles on the Shape index and the small flat segments delineated by blue contours on 

the curvedness mapping exclude the presence of �-� interactions in our crystal structure 

[39]. Quantitative measurements such as molecular volume, surface area, globularity 

and asphericity were also calculated using Crystal Explorer 3.1 and collected in Table 

5. Note that the term of globularity [40] (0.781) is less than unity this implying a more 

structured molecular surface. In addition, asphericity (0.098) [41,42] is a measure of 

anisotropy which adopts a very low value indicating the instability of our material. The 

overall two-dimensional fingerprint (FP) plot, Fig. 6a, and those delineated into, 

O…H/H…O, H…H and C…H/H…C contacts are shown in Fig. 6c–e, the relative 

contributions are summarized in Figure 6b. The distribution of the fingerprint plots 

(2D) of the PXDAN compound shows that the intermolecular contacts O...H/H...O (Fig. 

6c) occupy the major part of the Hirshfeld surface (60.4%) and appear in the form of 

two symmetric wings with an important long tip of sum (de + di ~ 1.8 Å) less than the 

sum of the van der Waals radii of the hydrogen (1.09Å) and oxygen (1.52 Å) atoms. 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

12

The H ... H contacts (Fig. 6d) represent almost a quarter (23.7%) of the total Hirshfeld 

surface, these contacts are presented on the fingerprint plot as a distinct point with (di = 

de = 1.2 Å). This value is greater than the van der Waals radius of the hydrogen atom 

(1.09Å). The pair of distinct wings at (de + di ~ 3.2 Å) greater than the sum of the van 

der Waals radii of the carbon and hydrogen atoms (2.79Å) are attributed to C...H/H...C 

contacts with a 9.2% participation on the Hirshfeld surface. These data are characteristic 

of a C-H ... � interaction. Among these contacts only the O ... H/H ... O contacts 

responsible for the hydrogen bonds N-H ... O and C-H ... O are considered close with a 

sum (de + di) less than the sum of the radii of van der Waals of involved atoms. The 

intermolecular interactions present in the studied compound were evaluated using the 

enrichment ratio (ER). The ERXY enrichment ratio of a chemical element pair (X, Y) is 

defined as the ratio between the percentage of the actual contacts in the crystal and the 

theoretical percentage of the random contacts [39]. The list of enrichment ratios (Table 

6) shows the O ... H/H ... O (EROH =1.54) contacts which appear to be favored in the 

crystal package with the formation of hydrogen bonds N-H ... O and C-H ... O. The H ... 

H contacts comprise 27.3% of the Hirshfeld surface, this value is much lower by the 

calculated value for the random contacts (35.40%), so that these contacts adopt an 

enrichment ratio far from unity (ERHH =0.65) which not follow the Jelsch expectation 

[43].The enrichment ratios values of the N ... C/C ... N, O ... C/C ... O and O ... O 

contacts have a low significance because of their small contributions to the Hirshfeld 

Surface area, except for C ... C (0.2%) contacts which have a compatible enrichment 

ratio (ERCC =0.69) at a low propensity to the �-� interactions. 

4.5. NBO and AIM studies

The study of the stabilities of PXDAN is the particular interest because their theoretical 

structure is completely symmetrical where the two nitrate groups can have coordination 

monodentate or bidentate. Hence, the knowledge of the interactions is important in 

relation to their stabilities in the different media. The NBO and AIM calculations 

[23,24] were performed for PXDAN taking into account those two possible 

coordination modes. Tables S6 and S7 show the main donor-acceptor energy 

interactions for monodentate and bidentate coordination modes of both nitrate groups of 

p-xylylenediaminium bis(nitrate) in all media by using the hybrid B3LYP/6-311++G** 

and 6-311G* levels of theory, respectively. Six different interaction types are observed 

for PXDAN when the two nitrate groups have monodentate coordination modes but 

when these groups present bidentate coordination modes the number of interactions 
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increase significantly up to ten interactions. The high stability of the monodentate 

species in all media can be attributed to the ∆ETLP→ σ* transitions which are observed 

from the lone pairs of the O atoms belong to the nitrate groups toward the antiboding 

orbitals of N-O bonds but, in particular, in the gas phase the total energy increase 

considerably due to the ∆ETLP→ LP* transitions which are observed from the lone pairs of 

the O or N atoms belong to the nitrate groups toward the lone pairs of the H6 and H18 

atoms belong to the NH3 groups. We observed that these latter interactions contributed 

in their higher part to the total energy. Table S7 shows clearly that the bidentate species 

is most stable than the monodentate one, especially in the DMSO solvent where the 

∆ETσ*→ σ* and ∆ETπ*→ σ* transitions are the main contributions to the total energy. 

The topological properties were calculated considering both coordination modes of 

PXDAN because these parameters are useful to predict their intra-molecular 

interactions. The AIM2000 program [24] was used to compute the electron density, 

ρ(r), the Laplacian values, ∇2ρ(r), the eigenvalues (λ1, λ2, λ3) of the Hessian matrix 

and, the |�1|/�3 ratio calculated in the bond critical points (BCPs), as suggested by 

Bader [25]. These parameters for both coordination modes of PXDAN in gas phase, 

aqueous solution and in DMSO solvent are presented respectively in Tables S8 and S9. 

When the ratio is |�1|/�3 < 1 and ∇2ρ(r) > 0 the interactions are attributed to H bonds 

formations and to the ionic interactions. In this case, the parameters were also computed 

in the ring critical points (RCPs) of the benzyl ring and, of the new rings formed as a 

consequence of the new H bonds (RCPN). Table S8 show that the monodentate species 

is most stable in aqueous solution because five interactions are observed in this medium 

while in gas phase only four and in DMSO only two interactions are observed. Thus, in 

the monodentate case, the two O1→H6 and O29→H18 interactions together with the 

O2---C9 and O30---C21 connections are observed. The bidentate species is clearly most 

stable than the monodentate ones because in gas phase are predicted a total of six H 

bonds interactions while only four interactions are predicted in DMSO solvent. Hence, 

the O1→H6, O2→H8, O29→H18, O30→H20 interactions together with the O2---C9 

and O29---C14 connections give to the bidentate species a great stability in gas phase. 

4.6. HOMO-LUMO and descriptors studies 

When the organic nitrates are employed as a drug it is indispensable to predict the 

reactivities and behavior in the different media because these parameters can be useful 

to elucidate the pharmacokinetics and the mechanisms of action of the nitrates groups in 
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the different media. In addition, antioxidant, antibacterial and antifungal activities were 

observed for m-Xylylenediaminium-bis (p-toluenesulfonate) monohydrate [9]. For these 

reasons, the frontier orbitals and some descriptors [26-228, 33-35] were computed for 

PXDAN in all studied media considering the two coordination modes of the nitrate 

groups by using the hybrid B3LYP method. Therefore, Table S10 shows the calculated 

HOMO and LUMO orbitals, energy band gap, chemical potential (�), electronegativity 

(�), global hardness (�), global softness (S), global electrophilicity index (�) and global 

nucleophilicity index (Ε) by using 6-311++G** basis set for the monodentate 

coordination while the 6-311G* basis set was used for the bidentate coordination. The 

values were compared with those calculated for the p-xylylenediaminium and nitrate 

ions in the three studied media and with those parameters reported for antimicrobial 

agents such as the two 1,3-benzothiazole tautomers, thione and thiol [44], for antiviral 

agents such as, thymidine [45] and, for toxic species such as the CN-, CO and saxitoxin 

[35]. Analyzing in detail the gap results we observed that despite the bidentate form has 

a higher stability, as supported by NBO and AIM studies, the monodentate form present 

lower reactivity in the three media because the gap values in gas and DMSO solvent are 

slightly higher than the corresponding to the bidentate form. When the gap values for 

the two ions are evaluated we observed that the p-xylylenediaminium cation present 

higher values in the three media than the nitrate anion. Hence, these values show clearly 

that the ions are less reactive than PXDAN in gas and aqueous solution while when 

these values are compared with parameters reported for those species with different 

activities, we observed that the gap calculated for the monodentate form in gas phase is 

comparable to the value observed for thymidine [44]. On the other hand, the gap values 

for PXDAN in DMSO with both coordination modes have values closer to the thiol 

form [43] while the monodentate form in water presents values closer to the toxic agent 

saxitoxin [35]. If the descriptors for both coordination modes of the nitrate groups are 

compared in all media their behavior are approximately similar but higher values are 

observed for the monodentate form than the bidentate ones while Figure S7 shows that 

there are clear differences in the global electrophilicity indexes between both forms in 

DMSO and in the nucleophilicity indexes for both forms in gas phase. Note that the 

global electrophilicity indexes for p-xylylenediaminium in the three media are similar to 

that value calculated for saxitoxin while these indexes diminishing in the monodentate 

coordination of PXDAN in the three media, having the lower value in DMSO, as 
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observed in Table S10. In addition, these indexes in the bidentate form in gas and, in 

DMSO present lower values than the monodentate one.

4.7. Vibrational study

The experimental PXDAN structure shows monodentate coordination for both nitrate 

groups but in accordance with studies reported from the literature it is not possible the 

differentiation between monodentate and bidentate nitrate groups based only on their 

infrared and Raman spectra [45,46]. Later, both coordination modes for the nitrate 

groups of PXDAN should be considered in this analysis. Hence, the optimized structure 

in gas phase by using B3LYP/6-311++G** level of theory where their two nitrate 

groups present monodentate coordination modes has Ci symmetry, in accordance with 

the experimental structure determined by X-ray diffraction. On the other hand, the 

theoretical proposed structure for PXDAN where both nitrate groups have bidentate 

coordination modes was optimized by using the 3-21G* basis set with C2h symmetry 

which was confirmed by all positive frequencies. On the contrary, imaginary 

frequencies were obtained for this same structure by using 6-31G* basis. For both 

structures, a total of 90 vibration normal modes are expected for each structure. These 

modes are classified as 45 Ag + 45 Au for the structure with Ci symmetry while for the 

structure with C2h symmetry these modes are classified as 61 A + 29 B. Here, the A 

modes are symmetrical while the B modes are antisymmetrics and, the symbols g and u

are related to the gerade (symmetric) and ungerade (antisymmetric) modes. The 

symmetry of all vibration normal modes together with the experimental and calculated 

wavenumbers and the assignments for both coordination modes are presented in Table 

7. The assignments for the dimeric monodentate species are also included in Table 5. 

Here, it is necessary to clarify that the assignments for the monodentate and bidentate 

forms were performed taking into account the potential energy distribution (PED) 

contributions � 10% determined by the SQM procedure [13] while for the dimeric 

species was used the GaussView program [20]. In Figure 7 is presented the 

experimental infrared spectrum compared with those predicted in gas phase for both 

coordination modes including the dimeric species while the predicted Raman spectra for 

both coordination modes in gas phase can be seen in Figure 8. Figure 6 shows clearly 

that the monodentate species are not the only present in the solid phase because the 

strong band predicted for this species at 2477 cm-1 it is not observed in the experimental 

spectrum and, besides the predicted strong band at 1989 cm-1 for the bidentate species is 

not observed in the experimental spectrum. Hence, both coordination modes are present 
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in the solid phase, as observed in Figure 3 and, as predict the IR spectrum for the 

dimeric species. Here, the strong band at 1536 cm-1, assigned to the antisymmetric 

stretching mode of the NO2 group of the monodentate form, the group of bands between 

2754 and 2547 cm-1, assigned to the N-H---O stretching modes, and the group of bands 

between 1779 and 1704 cm-1, assigned to the deformation of NH3 groups, could support 

clearly the presence of the dimeric species of PXDAN. On the other side, the IR bands 

at 1986 and 1856 cm-1 could justify the presence of the bidentate species in the solid 

phase. The assignments for the most important groups of PXDAN are presented below. 

4.7.1. Assignments 

4.7.1.1. NH3
+
groups. These groups were assigned taking into account C3v symmetry 

where the two N5---H6 and N17---H18 bonds coordinated to the nitrate groups have the 

same characteristics in the monodentate form (see Fig. 1) while in the bidentate one the 

N5---H6 and N5---H8 bonds together with the N17---H18 and N17---H20 bonds (see 

Fig. 2) are coordinated to the nitrate groups. Obviously, the nature or characteristics of 

these bonds are very different and, for these reasons, these modes are observed in 

different positions. Thus, in the bidentate case, these stretching modes are predicted at 

higher wavenumbers (3531-3429 cm-1) while in the monodentate case they are predicted 

at lower wavenumbers (3399-3328 cm-1) where the stretching corresponding to the 

coordinate N---H bonds are predicted between 271 and 119 cm-1, as indicated in Table 

4. In m-xylylenediaminium-bis (p-toluenesulfonate) monohydrate [9] these modes are 

observed in the same region. Here, the symmetry of these modes cannot be assigned 

because the Raman spectrum for the compound is not presented. In the dimeric species, 

these stretching modes are predicted between 3550 and 3394 cm-1. Here, it is very 

important to mention that both coordination modes for the nitrate groups are observed in 

the dimeric species, as shown in Fig. 3. The deformation modes corresponding to these 

groups are observed in the regions expected for these groups. Note that the bands 

located at 1986 and 1856 cm-1 are assigned to the deformation N-H-O modes of the 

bidentate groups while between 1793 and 1639 cm-1 are predicted the antisymmetric 

and symmetric deformation modes of these groups for the bidentate coordination modes 

including the dimeric species. In the monomeric species these modes are predicted 

between 1597 and 1591 cm-1. The rocking modes of these groups are predicted between 

1194 and 1076 cm-1 where in the bidentate case are observed at higher wavenumbers 

than the monodentate case. Also, in the lower wavenumbers region are predicted these 

modes for the monodentate coordination. The twisting modes are predicted, as expected, 
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at low wavenumbers where for the dimer it is observed between 476 and 419 cm-1 while 

for the monomeric species these modes are predicted around 30 cm-1.  

4.7.1.2. CH2 groups. This species has two CH2 groups, later; four stretching modes are 

expected for the monodentate and bidentate species, including the dimer and, where two 

antisymmetrical and symmetrical stretching modes are predicted in the three cases. In 

the monodentate, these modes are predicted between 2943 and 2899 cm-1 but in the 

bidentate case are predicted between 3124 and 3076 cm-1. In the dimer, these modes are 

predicted between 3138 and 3076 cm-1. The deformation modes of these groups are 

predicted between 1522 and 1516 cm-1 in the dimmer and in the bidentate species while 

in the monodentate case between 1449 and 1448 cm-1. Hence, they are assigned in these 

regions. The wagging modes are predicted for the three species between 1437 and 1392 

cm-1, having lower wavenumbers the modes corresponding to the monodentate 

coordination modes. The SQM calculation predicted the rocking modes for the 

monodentate and bidentate cases between 1360 and 1248 cm-1 while for the dimer these 

modes are predicted by the calculations between 1366 and 1244 cm-1. The twisting CH2

modes are predicted for the monodentate, bidentate and dimeric species in the same 

region, it is between 924 and 809 cm-1. Therefore, these modes were assigned as 

predicted by the SQM calculations and, as observed in Table 4. 

4.7.1.3. Nitrate groups. We have considered the two nitrate groups of PXDAN with 

monodentate coordination modes and, also two with bidentate coordination modes. 

Hence, in the first case, two O=N=O and one N-O stretching modes are expected while 

in the second one two O-N-O and one N=O stretching modes are expected. Usually, the 

N=O stretching modes in some nitrate compounds are observed between 1672 and 1460 

cm-1 [1-3] although in NbO(NO3)3 these modes are assigned between 1763 and 1753 

cm-1 [4]. These modes in the monodentate case are predicted at 1669, 1479, 1277 and 

1274 cm-1 while the two N3-O1 and N31-O29 stretching modes are predicted at 928 and 

927 cm-1, respectively and, hence, they are associated to the shoulder at 916 cm-1 which 

is related to the IR band of medium intensity at 896 cm-1. In the bidentate coordination, 

the NO2 antisymmetric stretching modes are predicted in the 1325-1317 cm-1 region 

while the corresponding symmetric modes in approximately 1215 and 1210 cm-1, hence, 

the strong bands observed at 1313 cm-1 is assigned to these stretching modes. In this 

case, the N=O stretching modes are predicted at 1524 and 1523 cm-1 and, for these 

reasons, they are assigned to the strong IR band observed at 1536 cm-1. In relation to the 

deformation modes, the two O=N-O deformation modes of both equivalent 
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monodentate nitrates are defined as rocking modes which are predicted by calculations 

at 783 cm-1 while the two O=N=O deformation modes in this case are predicted at 682 

and 681 cm-1. Obviously, these modes were assigned to the shoulders and bands located 

in this region. In the two equivalent bidentate nitrates these deformation modes were 

assigned to the weak IR band at 731 cm-1 together with the rocking modes because these 

modes are predicted at 717 cm-1. The wagging modes for both coordination modes are 

predicted in different regions, thus, in the monodentate case are observed at 652 cm-1

while in the bidentate form are predicted at 821 cm-1. The torsion modes for the 

monodentate form are predicted at 76 cm-1 while for the bidentate species these modes 

are defined as O1-H6, O2-H8, O29-H18 and O30-H20 torsions and, they are observed 

between 333 and 32 cm-1, as indicated in Table 5. 

4.7.1.4. Skeletal groups. In the bidentate form, the B3LYP/6-31G* calculations 

predicted the C=C stretching modes corresponding to the benzyl rings of p-

xylylenediaminium at 1622 cm-1, as reported in other similar compounds [26-28,44]

while in the monodentate form are predicted between 1603 and 1561 cm-1. 

Consequently, they are assigned in these regions, as predicted by calculations. On the 

other hand, the SQM calculations predict the C-C stretching modes for both 

coordination modes between 1243 and 711 cm-1 while the C-N stretching modes for the 

bidentate species is predicted at 978 cm-1 and for the monodentate form between 975 

and 962 cm-1. Hence, they were assigned accordingly. The three expected deformation 

and torsion rings are predicted normally in the 1000-200 cm-1 region [26-28,44]. Here, 

the calculations predicted these modes in different regions for the monodentate and 

bidentate nitrate groups; hence, they obviously are assigned in accordance with the 

calculations, as shown in Table 5. The other skeletal modes have been assigned 

according to SQM calculations and they are summarized in Table 5. 

5. Force Field 

In Table 8 it is presented the force constants for p-xylylenediaminium bis(nitrate) 

calculated considering both monodentate and bidentate coordination modes for the 

nitrate groups which were compared with those reported for chromyl nitrate [1-3]. The 

constants were calculated from SQM calculations and by using the Molvib program 

[13,14]. Comparing first the constants for both coordination modes of PXDAN we 

observed clearly slight changes in the f(νN=O), f(νN-O) and f(ν N-H3) force constants 

values corresponding to the nitrate and ammonium groups where we observed the 

higher values for the bidentate coordination while the values corresponding to the 
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benzene ring practically do not change, as expected because the ring is not modified. 

Here, it is very important to note that the value for f(δO=N=O) belong to the 

monodentate coordinaton modes is lower than that observed for the bidentate f(δO-N-O) 

form probably because the corresponding angles present higher value in the bidentate 

coordination, as can be seen in Table 1. Also, the differences observed could be 

attributed to the different calculations, that is, different basis sets were used for both 

coordination modes. When the values for PXDAN are compared with those calculated 

for chromyl nitrate [1-3] we observed that the values for f(νN=O) and f(δO=N-O) are 

higher in the chromyl compound with both coordination modes while the values for 

f(νN-O) is low for the monodentate chromyl nitrate. Probably, the different structures 

and size of the basis sets of the two compared compounds could justify the differences 

observed. 

6. NMR study 

In Figure 9 it is presented the experimental 1H- and 13C-NMR spectra of p-

xylylenediaminium bis(nitrate) in DMSO solvent while in Tables S11 and S12 are 

summarized the calculated shifts for both 1H and 13C nuclei compared with those 

calculated for both coordination modes of PXDAN by using the GIAO method [47]. 

Here, the RMSD values were used to compare the calculated shifts for both nuclei of 

PXDAN with the corresponding experimental ones. Besides, our results were also 

compared with those experimental obtained for m-Xylylenediaminium-bis (p-

toluenesulfonate) monohydrate [9]. These results show a very good correlation for the 

monodentate form probably because in the bidentate case the basis set used is not the 

recommended for this study. On the other hand, the calculated shifts for the H6 and H18 

atoms were not experimentally observed due to that these atoms are coordinated to the 

O atoms of the nitrate groups, as revealed by the AIM analyses for the two coordination 

modes (Tables S8 and S9). The comparisons with the values obtained for m-

xylylenediaminium-bis (p-toluenesulfonate) monohydrate [9] not present good 

concordance probably because the p-toluenesulfonate groups have influence on the 

environment of the m-xylylenediaminium group. Here, the RMSD values for the C 

atoms show similar and lower correlations for both coordination modes (4.5-4.7 ppm) 

when they are compared with the experimental ones but Table S12 shows that the 

higher differences are obtained when are compared with m-xylylenediaminium-bis (p-

toluenesulfonate) monohydrate [9]. 
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7. Electronic spectra 

The experimental electronic spectra for PXDAN were recorded in water and in DMSO 

solvents while for the monodentate coordination modes the UV-Vis spectrum was 

predicted in water at the B3LYP/6-311++G** level of theory and for the bidentate 

coordination was predicted in DMSO by using B3LYP/6-311G* level of theory. The 

experimental and predicted spectra are compared in Figure S8. Experimentally, two 

bands were observed in water, one strong at 221.4 nm whiles other less intense at 270.8 

nm and, two shoulders at 296.0 and 309.0 nm. On the other hand, three bands were 

observed in DMSO solvent located at 227.4, 245.6 and 272.4 nm. The bathochromic 

shifts to a longer wavelength the first and to lower wavelengths the other two are 

attributed to the change in solvent polarity. In the UV-Vis spectrum predicted for the 

monodentate coordination can be seen two bands, one intense at 332.5 nm and other of 

lower intensity at 440.0 nm while for the bidentate coordination in DMSO the two 

bands are predicted at 300.5 and 416.5 nm. In the UV-Vis spectrum of m-

xylylenediaminium-bis (p-toluenesulfonate) monohydrate were observed three bands, 

one intense at 349 nm assigned to the n→π* transition while other at 224 nm is 

attributed to π→π* transition and, the latter band is observed at 403 nm and is 

associated to a charge transfer transition. On the other hand, in chromyl nitrate in the 

gas phase [48] was observed four bands at 214, 282, 316 (shoulder) and 412 nm. The 

bands at 214 and 316 were assigned to the nitrate groups while the bands at 282 and 412 

were attributed to the chromyl groups. In PXDAN, the broad and intense band at 227.4 

nm and the other at 245.6 nm can be easily assigned to the nitrate groups and to π→π* 

transitions due to the C=C double bonds, as reported for species with those bonds 

[49,50]. Obviously, in the predicted spectra for both coordination modes the intensities 

and positions of the bands are underestimated, as compared with the experimental ones 

in both media.  

8. Conclusions 

In this work, the p-xylylenediaminium bis(nitrate) was synthesized and characterized by 

using FTIR, UV-visible and 1H- and 13C-NMR spectroscopies. Two different structures 

were theoretically proposed for PXDAN considering monodentate and bidentate 

coordination modes for the nitrate groups which were optimized with Ci and C2

symmetries by using B3LYP/6-311++G** and B3LYP/6-311G* methods, respectively. 

The similarities observed between the predicted parameters for the bidentate 
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coordination with the experimental ones suggest the existence of this form in the solid 

phase. The monodentate species was optimized in water and DMSO while the bidentate 

ones show imaginary and positive frequencies in water and in dimethylsulfoxide 

respectively. The monodentate species present higher solvation energies than the 

bidentate one. The study of the intermolecular interactions by using the Hirshfeld 

surface analysis shows that the major part of the Hirshfeld surface are occupied by the 

contacts O...H/H...O while the AIM study reveals high stability of the bidentate 

coordination mode. The frontier orbitals shows a low reactivity of the monodentate 

species than the bidentate one while the vibrational analysis support the presence of 

both coordination modes in the solid phase, as suggested by the bands belong to the 

monodentate and bidentate species. The strong band at 1536 cm-1, assigned to the 

antisymmetric stretching mode of the NO2 group of the monodentate form, the group of 

bands between 2754 and 2547 cm-1, assigned to the N-H---O stretching modes, and the 

group of bands between 1779 and 1704 cm-1, assigned to the deformation of NH3

groups, support clearly the presence of the dimeric species of PXDAN while the IR 

bands at 1986 and 1856 cm-1 could justify the presence of the bidentate species in the 

solid phase. The Raman spectra for those two coordination modes were also predicted 

by using the B3LYP/6-311++G** and B3LYP/6-311G* methods, respectively. 

Reasonable concordances were observed between the experimental FTIR, UV-Visible 

and 1H and 13C-NMR spectra with the corresponding theoretical ones. The complete 

vibrational assignments for both coordination modes were reported together with the 

force constants. The values of the computed force constant are in agreement with values 

reported for molecules containing similar groups.  
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Caption Figures  

Figure 1. ORTEP drawing of PXDAN with the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 30 % probability level (i: -x, -y, -z). H atoms are represented 

as small spheres of arbitrary radii (a). Projection along the axis of atomic arrangement 

of PXDAN (b). Assembly of organic cations by C-H ....� interactions in the PXDAN 

structure (c).

Figure 2. The molecular structure of p-xylylenediaminium bis(nitrate) (PXDAN) and 

the atoms numbering considering the nitrate groups as monodentate ligands. 

Figure 3. The molecular structure of p-xylylenediaminium bis(nitrate) (PXDAN) and 

the atoms numbering considering the nitrate groups as bidentate ligands. 

Figure 4. The molecular dimeric structure of p-xylylenediaminium bis(nitrate) 

(PXDAN) and the atoms numbering. The blue circles indicates monodentate nitrate 

while the red one bidentate nitrate. 

Figure 5. Hirshfeld surfaces mapped with dnorm(a) (dotted lines “red” represent 

hydrogen bonds), shape index (b) and curvedness (c) for the PXDAN. 

Figure 6. Fingerprint plots of the full and the import intercontacts and percentage of 

various intermolecular contacts contributed to the Hirshfeld surface in the PXDAN 

compound. 

Figure 7. Comparisons between the experimental available FTIR spectrum of PXDAN 

with the corresponding predicted for the monodentate, bidentate and dimeric species of 

PXDAN in the gas phase by using B3LYP level of theory. 

Figure 8. Comparisons between the predicted Raman spectra of PXDAN considering 

monodentate and bidentate coordination modes for the nitrate groups in the gas phase 

by using B3LYP level of theory. 

Figure 9. Experimental 1H- and 13C-NMR spectra of p-xylylenediaminium bis(nitrate) 

in DMSO solvent. 
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Table 1. Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

Chemical formula C8H14N2·2(NO3) 

Mr 262.23

Crystal system, space 
group 

Monoclinic, P21/c

Temperature (K) 150

a, b, c (Å) 4.9107 (9), 9.914 (2), 12.174 (2) 

� (°) 105.039 (9)

V (Å3) 572.41 (18)

Z 2

Radiation type Mo K�

µ (mm-1) 0.13

Crystal size (mm) 0.54 × 0.37 × 0.29 

Diffractometer D8 VENTURE Bruker AXS  
diffractometer

Absorption correction Multi-scan  
[Sheldrick, G.M. (2014). SADABS Bruker AXS Inc., 
Madison, Wisconsin, USA] 

Tmin, Tmax 0.876, 0.963 

No. of measured, 
independent and 
observed [I > 2�(I)] 
reflections 

5946, 1312, 1221  

Rint 0.027

(sin �/�)max (Å
−1) 0.649 

Refinement 

R[F2 > 2�(F2)], wR(F2), S 0.030, 0.082, 1.04 

No. of reflections 1311

No. of parameters 84

H-atom treatment H-atom parameters constrained

��max, ��min (e Å−3) 0.28, −0.22 
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Table 2. Hydrogen-bonds geometry (Å, °) in PXDAN. 

D—H···A D—H H···A D···A D—H···A

N2—H2A···O2 0.89 2.04 2.9149 (12) 168.0 

N2—H2A···O1 0.89 2.57 3.0522 (12) 114.8 

N2—H2B···O1i 0.89 1.97 2.8353 (12) 164.7 

N2—H2C···O2ii 0.89 2.05 2.9041 (11) 161.8 

C4—H4···O1iii 0.93 2.55 3.4445 (13) 161.7 

C3—H3···Cgiii 0.93 3.48 3.951 114.3 

Symmetry codes: (i) −x, y−1/2, −z+1/2; (ii) x−1, y, z; (iii) −x, y+1/2, −z+1/2. Cg is the 

centroid of the benzene ring.   
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Table 3. Comparison of calculated geometrical parameters of p-xylylenediaminium 

bis(nitrate) with the corresponding experimental ones 

B3LYP method 

Experimental 
Parameters 

Monodentate Bidentate 

6-311++G** 6-311+G* 6-311G* 6-311++G** 

Bond lengths (Å) 

O1-N3 1.370 1.310 1.257 1.223 1.2580(11) 

O2-N3 1.221 1.252 1.306 1.370 1.2670(11) 

O4-N3 1.204 1.218 1.218 1.204 1.2341(11) 

N5-H6 1.614 1.131 1.024 1.018 0.890 

N5-H7 1.017 1.019 1.018 1.018 0.890 

N5-H8 1.018 1.022 1.125 1.626 0.890 

N5-C11 1.487 1.501 1.501 1.487 1.495(13) 

C11-C16 1.511 1.509 1.508 1.511 1.509(14) 

O29-N31 1.370 1.310 1.306 1.370 1.2580(11) 

O30-N31 1.221 1.252 1.257 1.223 1.2670(11) 

O32-N31 1.204 1.218 1.218 1.204 1.2341(11) 

N17-H18 1.614 1.131 1.125 1.626 0.890 

N17-H19 1.017 1.019 1.018 1.018 0.890 

N17-H20 1.018 1.022 1.024 1.018 0.890 

N17-C23 1.487 1.501 1.501 1.487 1.496(13) 

C23-C28 1.511 1.509 1.508 1.511 1.510(13) 

C9-C14 1.392 1.391 1.389 1.390 1.390(14) 

C9-C16 1.398 1.398 1.398 1.400 1.393(14) 

C14-C28 1.398 1.398 1.398 1.400 1.397(14) 

C16-C26 1.398 1.398 1.396 1.396 1.393(14) 

C26-C21 1.392 1.391 1.392 1.394 1.390(14) 

C21-C28 1.398 1.398 1.396 1.396 1.397(14) 

O1-H6 1.039 1.436 2.193 2.653 1.967 

O29-H18 1.039 1.436 1.453 1.037 2.044 

RMSDb 0.884 0.928 0.989 1.015 

O1-N3-O2 117.0 117.452 117.690 117.153 118.23(8) 

O1-N3-O4 115.3 118.950 123.116 127.505 121.11(8) 

O2-N3-O4 117.6 123.596 119.194 115.341 120.66(8) 

N5-H6-O1 176.5 173.033 115.497 104.823 109.470 

C11-N5-H6 117.6 112.887 112.692 110.493 109.460 

C16-C11-N5 111.2 111.276 110.966 111.048 111.894(8)

O29-N31-O30 117.0 117.452 117.690 117.153 118.223(8) 

O29-N31-O32 115.3 118.950 119.194 115.341 121.111(8) 

O32-N31-O30 127.6 123.596 123.116 127.505 120.665(8) 
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N17-H18-O29 176.5 173.033 168.706 179.905 167.984 

C23-N17-H18 117.6 112.887 113.552 118.970 109.460 

C28-C23-N17 111.2 111.276 110.966 111.048 111.890(8) 

C14-C28-C21 118.5 119.148 119.185 118.588 118.990(9) 

C9-C16-C26 118.5 119.148 119.185 118.588 118.990(9)

RMSDb 18.6 17.2 2.4 5.4  

Dihedral angles (º)

O4-N3-O1-H6 -177.4 -173.922 -171.352 -173.369  

N3-O1-H6-N5 175.5 29.088 -5.227 -13.403  

O1-H6-N5-C11 -35.2 95.204 119.817 134.366  

C16-C11-N5-H6 -62.8 -65.832 -53.763 -58.666  

O32-N31-O29-H18 177.4 173.922 173.187 177.154  

N31-O29-H18-N17 -175.5 -29.088 -9.495 177.154  

O29-H18-N17-C23 35.2 -95.204 -107.166 -31.870  

C28-C23-N17-H18 62.8 65.832 58.397 56.820  
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Table 4. Comparison of calculated geometrical parameters of p-xylylenediaminium 

bis(nitrate) in aqueous solution and dimethylsulfoxide solvent with the corresponding 

experimental ones 

B3LYP method 

Experimental 
Parameters 

Monodentate/6-311++G** Bidentate/6-311G* 

Water DMSO Water DMSO 

Bond lengths (Å) 

O1-N3 1.267 1.279 1.251 1.251 1.258(11) 

O2-N3 1.252 1.253 1.272 1.284 1.267(11) 

O4-N3 1.251 1.243 1.246 1.239 1.234(11) 

N5-H6 1.043 1.057 1.021 1.021 0.890 

N5-H7 1.023 1.023 1.021 1.021 0.890 

N5-H8 1.023 1.023 1.045 1.060 0.890 

N5-C11 1.507 1.506 1.507 1.503 1.495(13) 

C11-C16 1.506 1.508 1.505 1.507 1.509(14) 

O29-N31 1.267 1.279 1.272 1.284 1.258(11) 

O30-N31 1.253 1.253 1.251 1.251 1.267(11) 

O32-N31 1.251 1.243 1.246 1.239 1.234(11) 

N17-H18 1.043 1.057 1.045 1.060 0.890 

N17-H19 1.023 1.023 1.021 1.021 0.890 

N17-H20 1.023 1.023 1.021 1.021 0.890 

N17-C23 1.508 1.506 1.507 1.503 1.496(13) 

C23-C28 1.506 1.508 1.505 1.507 1.510(14) 

C9-C14 1.392 1.392 1.391 1.392 1.390(14) 

C9-C16 1.399 1.399 1.399 1.399 1.393(14) 

C14-C28 1.399 1.399 1.399 1.399 1.39714) 

C16-C26 1.398 1.399 1.397 1.398 1.393(14) 

C26-C21 1.085 1.392 1.393 1.393 1.390(14) 

C21-C28 1.398 1.399 1.397 1.398 1.397(14) 

O1-H6 1.806 1.694 3.214 2.854 1.967 

O29-H18 1.806 1.695 1.777 1.666 2.044 

RMSDb 0.966 0.965 1.120 1.071 

O1-N3-O2 119.685 118.853 119.571 118.795 118.223(8)

O1-N3-O4 119.522 119.480 121.083 121.943 121.111(8)

O2-N3-O4 120.793 121.667 119.346 119.262 120.665(8)

N5-H6-O1 175.498 177.062 129.555 94.330 109.470 

C11-N5-H6 111.200 112.646 110.992 111.293 109.460 

C16-C11-N5 111.279 111.496 111.452 111.338 111.894(8) 

O29-N31-O30 119.695 118.854 119.572 118.795 118.223(8) 

O29-N31-O32 119.531 119.481 119.345 119.262 121.111(8) 

O32-N31-O30 120.775 121.665 121.083 121.943 120.665(8) 
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N17-H18-O29 175.277 177.041 173.301 176.583 167.984

C23-N17-H18 111.366 112.646 111.126 111.943 109.460

C28-C23-N17 111.458 111.497 111.460 111.338 111.890(8) 

C14-C28-C21 119.151 118.962 119.086 118.994 118.990(9) 

C9-C16-C26 119.149 118.962 119.085 118.994 118.990(9) 

RMSDb 17.8 18.3 5.6 4.8  

Dihedral angles (º)

O4-N3-O1-H6 -178.967 -178.595 -174.042 -176.153  

N3-O1-H6-N5 167.579 -107.077 27.532 -6.971  

O1-H6-N5-C11 -67.194 -105.403 106.992 126.589  

C16-C11-N5-H6 -61.384 -64.421 -55.356 -56.171  

O32-N31-O29-H18 174.136 178.600 -173.949 178.352  

N31-O29-H18-N17 -176.800 106.914 -175.675 -170.131 

O29-H18-N17-C23 47.687 105.610 74.806 43.134  

C28-C23-N17-H18 63.530 64.439 65.286 64.411  
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Table 5. Quantitative measurements of XDAN. 

Volume (Å3) Surface area (Å2) Globularity Asphericity 

231.50 233.43 0.781 0.098 
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Table 6. Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in PXDAN. 

Enrichment H N O C 

H 0.65 1.40 1.54 1.43 

N    3 

O   0.2 0.36 

C    0.69 

% Surface 59.5 1.85 33.1 5.4 
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Table 7. Observed and calculated wavenumbers (cm-1) and assignments for p-
xylylenediaminium bis(nitrate) considering monodentate and bidentate coordination 
modes for the nitrate groups 

Expa
B3LYP/6-311++G** Methoda B3LYP/6-311G* Methoda B3LYP/6-311+G* Methoda

Monodentate Bidentate Dimer Monodentate 

FTIR SQMb Sym Assignmentsb SQMb Sym Assignmentsb Calc Assignments 

3550vw    3531 A νaNH3(N5) 3541 νaNH3

3474vw    3530 B νaNH3(N17) 3473 νsNH3

3439vw    3429 A νsNH3(N17), νaNH3(N17) 3455 νsNH3

    3429 B νsNH3(N5)   

3395vw       3394 νsNH3

3345vw    3199 A νC9-H10 3204 νC-H 

3303vw         

    3185 B νC14-H15 3188 νC-H 

    3174 A νC26-H27 3174 νN-H---O 

3156sh 3399 AG νaNH3(N5) 3157 B νC21-H22 3162 νC-H 

3136sh 3399 AU νaNH3(N17) 3124 B νaCH2(C11) 3144 νaCH2

3120sh 3329 AG νsNH3(N17) 3124 A νaCH2(C23) 3138 νaCH2

       3131 νaCH2

3092s 3328 AU νsNH3(N17)    3090 νsCH2

    3076 A νsCH2(C23) 3087 νsCH2

    3076 B νsCH2(C11) 3070 νsCH2

 3050 AG νC26-H27      

3040sh 3048 AU νC14-H15      

3028sh 3029 AG νC9-H10      

2977s 3029 AU νC21-H22      

 2943 AG νaCH2(C11)      

2913sh 2943 AU νaCH2(C23)      

 2899 AG νsCH2(C11)      

 2899 AU νsCH2(C23)      

2754w       2811 νN-H---O 

2654m 2379 AG νO1-H6      

2642sh 2377 AU νO29-H18    2640 νN-H---O 

2547vw       2466 νN-H---O 

1986w    1997 A �N5H6O1   

1856w    1994 B 
�N17H18O29, 
�N5H6O1 

  

1779vw       1793 �aNH3

1758vw       1747 �aNH3

1704vw       1743 �aNH3

1691vw    1692 A 
�aNH3(N5), 
�N17H18O29 

1721 �aNH3

1685w  �sNH3  1692 B �aNH3(N5) 1675 �sNH3

1685w 1669 AU νaNO2(N3), �H6O1N3 1663 A �aNH3(N17) 1667 �sNH3

1685w 1669 AG νaNO2(N31),�H18O29N31 1661 B �N17H18O29   

    1661 A �aNH3(N5)   

1644sh    1640 A �sNH3(N17) 1652 �sNH3

1639sh    1639 B �sNH3(N5) 1639 �sNH3

1627m    1622 B 
νC16-C26, νC21-C28 
νC14-C28,νC9-C16 

1623 νC-C 

1617sh       1617 �sNH3

1609sh 1603 AG νC9-C14      

1597sh 1577 AU �aNH3(N5), �sCH3(N17)      

1591sh 1575 AG �aNH3(N17), �sNH3(N5)      

1552sh 1561 AG νC16-C26,νC14-C28 1556 B �C9-H10 1560 �C-H 
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νC9-C16 

1536s    1524 A νN3=O1 1535 νaNO2

1521sh    1523 B νN31=O29 1522 �CH2

1519sh    1515 A �CH2(C11), �CH2(C23) 1517 �CH2

1519sh    1514 B �N17H18O29, �N5H6O1 1516 �CH2

1508sh 1501 AU �C26-H27,�C14-H15    1503 νN=OνaNO2

1473m 1480 AG �N17H18O29    1489 νN=OνaNO2

1473m 1479 AU νaNO2(N3), νaNO2(N31) 1463 A νC21-C26 1467 νaNO2 �C-H 

1465sh 1449 AG �CH2(C23)    1462 νaNO2 �C-H 

1440sh 1448 AU �CH2(C11)      

1433sh       1437 wagCH2

1420sh 1410 AU
νC9-C14, 
νC21-C26 

1417 A wagCH2(C11) 1426 wagCH2

1408sh    1411 B wagCH2(C23) 1411 wagCH2

1385s 1397 AG wagCH2(C23) 1371 B �C26-H27,�C21-H22 1379 �C-H 

1374sh 1392 AU wagCH2(C11) 1360 A �CH2(C11),�CH2(C23) 1366 �CH2�C-H 

1313vs 1326 AG �C26-H27, �C14-H15 1325 B νaNO2(N31) 1333 �CH2�C-H 

1313vs    1317 A νaNO2(N3) 1324 νaNO2�CH2

1293sh 1307 AU �CH2(C11), �CH2(C23)    1291 �CH2

1269sh 1277 AG νsNO2(N3)    1260 νaNO2�CH2

1261sh 1274 AU νsNO2(N31)    1244 �CH2�C-H 

1254sh 1248 AG �CH2(C11), �CH2(C23) 1243 B �R1νC16-C11 1243 �C-H 

1240sh 1232 AU νC21-C28 1236 A 
νC23-C28, 
νC16-C11 

1238 νC-C 

1223sh    1224 A �C14-H15 1229 �C-H 

1215sh    1215 B νaNO2(N31) 1222 �C-H 

1203sh 1210 AU νC23-C28 1210 A νaNO2(N3)   

1189sh 1191 AG νC16-C11    1194 �NH3

1183sh 1180 AG �C21-H22, �C9-H10    1193 �NH3

1150m 1150 AU �'NH3(N5), �'NH3(N17) 1156 A νC9-C14 1162 �NH3

1150m    1153 B �NH3(N5), �'NH3(N5) 1159 �C-H 

1145sh 1143 AG τN17-H18,τO29-H18 1145 A �'NH3(N17) 1147 �NH3

1129sh       1129 �NH3

1089w 1110 AU νC21-C26      

1075sh    1072 B τN17-H18,τN5-H6 1076 �NH3

 1064 AG τN5-H6,τO1-H6    1065 νsNO2

 1062 AU τN17-H18    1063 νsNO2

1050w    1054 A �N5H6O1, �N17H18O29   

1034sh    1040 B �R1 1044 νsNO2

 1018 AG �R1 1019 B νsNO2(N31), νsNO2(N3)   

1006sh    1014 A νsNO2(N31), νsNO2(N3) 1005 νN-C 

990m 997 AU τN17-H18,τO29-H18    997 νsNO2

990m 991 AU τN17-H18,τO29-H18 981 A γC9-H10,γC14-H15 990 νN-C 

990m 979 AG γC21-H22,γC9-H10 978 B νN5-C11,νN17-C23 979 γC-H 

990m 975 AU νN17-C23 974 A γC9-H10,γC14-H15 975 γC-H 

970sh 967 AU νN5-C11    972 γC-H 

 962 AG νN17-C23,νN5-C11 956 A γC21-H22,γC26-H27 961 νN-C γC-H 

916sh 928 AG νN31-O29 902 B τN17-H18,τN5-H6 933 νN-C 

916sh 927 AU νN3-O1    924 τwCH2

896m 860 AG τwCH2(C11) 893 A τwCH2(C11),τwCH2(C23) 884 τwCH2

852sh 860 AU τwCH2(C23) 848 B γC9-H10,γC14-H15 858 γC-H 

849m 842 AG

γC21-H22, 
γC9-H10 
γC26-H27 

837 B γC21-H22,γC26-H27 850 γC-H 

827sh 829 AU τwCH2(C11), τwCH2(C23) 835 A �R3νC23-C28 830 wagNO2

819sh 809 AG τwCH2(C11), τwCH2(C23) 821 A wagNO2(N3) 825 wagNO2
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 783 AU �NO2(N31) 821 B wagNO2(N31) 819 wagNO2

743sh 783 AG �NO2(N3) 744 A τR1 752 τR1

 738 AG τR1τR2 735 B �NO2(N3) 735 �NO2

731w    730 A �NO2(N31) 732 τR1

731w    727 B �NO2(N3),�NO2(N31) 728 �NO2

731w    717 A 
�H18O29N31, 
�NO2(N31) �NO2(N3) 

725 �NO2

709sh 711 AU νC16-C11,νC23-C28 716 B �H6O1N3 714 �NO2

689vw 682 AU �NO2(N3)      

 681 AG �NO2(N31)      

650vw 652 AG wagNO2(N3) 655 B �R2 655 �R2

650vw 652 AU wagNO2(N31)    654 �R2

646vw 649 AG �R2 �R3      

576vw    568 B τR2γC23-C28,γC16-C11 569 τR2

550m 558 AU τR2,γC23-C28,γC16-C11 544 A �N17C23C28 561 τR2

550m 543 AG τR1      

469vw    472 B �aNH3(N17) 476 τwNH3

469vw    463 A �aNH3(N17)   

444w 420 AU τN17-H18,τO29-H18    426 τwNH3

417w 412 AG τN17-H18,τO29-H18 411 A τR3 419 τwNH3

417w       413 τR3

397w 402 AU τR3 388 A �R3 400 �R3

397w 385 AG �R3 380 B 
�C23-C28 
�C16-C11 

380 �C-C 

 364 AG �C16-C11, �C23-C28    358 �C-C 

    340 B �N17H18O29, �N5H6O1 330 �NHO 

 325 AU τR2 333 A νO2-H8 317 νO-H 

    296 B �N5C11C16 305 �C-C 

    290 A �C16-C11,�C23-C28 298 �C-C 

 271 AG νaNH3(N17)    285 �NCC 

 268 AU νaNH3(N5)    273 �NCC 

 252 AU νaNH3(N17),νaNH3(N5)    242 �C-C 

    174 B τO29-H18,τO1-H6 178 τO-H 

 160 AG �N17C23C28, �N5C11C16 169 A νO29-H18 168 τO-H 

    156 A τN5-H6 153 τO-H 

 120 AG νaNH3(N5), νsNH3(N5)    119 τN-H 

 119 AU νaNH3(N17), sNH3(N17) 111 B τN5-H6,τN17-H18 116 τN-H 

 92 AU �NH3(N17), �NH3(N5) 93 A τN5-H6,τN17-H18 94 τN-H 

 76 AG τwNO2(N3), τwNO2(N31) 82 B τN5-H6 78 τO-H 

 68 AG τwC23-C28 69 A τN5-H6,τN17-H18 69 τO-H 

 58 AU τO29-H18,τO1-H6 62 B τO29-H18,τO1-H6 60 τO-H 

 51 AU �N5H6O1 54 B τN17-H18 55 �NHO 

 41 AG
τN17-H18, 
τO29-H18 

43 A νO30-H20 45 νO-H 

 31 AU
τN17-H18, 
τO29-H18 

32 B νO1-H6 33 τO-H 

 30 AG τwNH3(N5), τwNH3(N17)    30 τwC-C 

    19 A �aNH3(N17) 27 τO-H 

    17 B τwC11-C16,τwC23-C28 17 τwC-C 

 11 AU τO1-H6 12 A �aNH3(N17) 14 τwC-C 

 9 AG τO29-H18, �aNH3(N17)    9 τO-H 

 7 AU τwC11-C16,�aNH3(N5)    3 τwC-C 

Abbreviations: ν, stretching; β,  deformation in the plane;  γ, deformation out of plane; wag, wagging; 
τ , torsion; βR, deformation ring τR, torsion ring; ρ, rocking; τw, twisting; δ, deformation; a, 
antisymmetric; s, symmetric; aThis work, bFrom scaled quantum mechanics force field. 
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Table 8. Comparison of main scaled internal force constants for p-xylylenediaminium 

bis(nitrate) considering monodentate and bidentate coordination modes for the nitrate 

groups compared with those reported for chromyl nitrate. 

B3LYP Method 

 p-xylylenediaminium bis(nitrate)a Chromyl nitrateb

Force constant
monodentate bidentate monodentate bidentate 

6-311++G** 6-311G* 6-311++G 6-311++G 

f(νN=O) 9.74 10.26 15.83 11.71 

f(νN-O) 4.25 7.88 3.22 4.62 
f(νC-N) 4.23 4.30   
f(νC-C) 4.27 4.70   
f(νC-CR) 6.34 6.92   
f(ν N-H3) 4.36 5.93   
f(δO=N=O) 1.53  1.58  
f(δO-N-O)  4.47   
f(δO=N-O) 1.58 1.56 2.09 1.87 
f(δN-O-H) 0.89    
f(δN-H-O) 0.19    

Units are mdyn Å-1 for stretching and mdyn Å rad-2 for angle deformations 
aThis work, bFrom Ref. [1-3] 
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Highlights 

The p-xylylenediaminium bis(nitrate) compound have been synthesized 

The compound was characterized by the FTIR, UV-Visible and 1H- and 13C-NMR 
spectra 

The nitrate ligands were considered with monodentate and bidentate coordination 
modes 

The IR bands at 1986/1856 cm-1 could justify the presence of the bidentate species 

The bands at 2754, 2547, 1779, 1704 and 1536 cm-1 support the presence of the dimer  


