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 A versatile synthetic building block, 2-amino-1,10-phenanthrolin-1-ium chloride (L∙HCl) 
was synthesized and characterized by IR, 1H and 13C NMR DEPT analysis, UV/Vis and single-
crystal X-ray diffraction technique. The molecular geometry, vibrational wavenumbers and 
gauge including atomic orbital (GIAO), 1H and 13C NMR chemical shifts values of the title 
compound in the ground state were obtained by using density functional theory 
(DFT/B3LYP) method with 6-311++G(d,p) basis set and compared with the experimental 
data. Electronic absorption spectrum of the salt was determined using the time-dependent 
density functional theory (TD-DFT) method at the same level. In the NMR and electronic 
absorption spectra calculations, the effect of solvent on the theoretical parameters was 
included using the default model with DMSO as solvent. The obtained theoretical 
parameters agree well with the experimental findings. 
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1. Introduction 
 

Among the molecular building blocks, charged species play 
an important role in molecular association processes in 
chemistry and biology [1,2]. Nevertheless, hydrogen bonding 
represents a very special class of chemical interactions that 
may bring about significant changes in the molecular and 
spectroscopic properties [3-5]. In particular, in order to 
observe or verify the changes in spectroscopic properties, the 
substituents or groups should directly involve in hydrogen 
bonding [6,7]. Hydrogen bonding interaction can be readily 
confirmed by FT-IR as observing the displacement of the 
frequency signals associated with stretches of the groups take 
part in hydrogen bonding [3]. NMR spectroscopy is another 
very useful technique that unambiguously shows the changes 
in chemical shift of the hydrogen nuclei forming the hydrogen 
bond [8]. Moreover, X-ray crystallography can be used to 
characterize the hydrogen bonded structure by determining 
the bond lengths of this type of interaction [9].  

We have an ongoing interest in the synthesis of aza-
bridged bis-1,10-phenanthroline derivatives [10-12], mainly 
due to their significant biological activity of the corresponding 
metal complexes in which the planar and also rigid structure 

of 1,10-phenanthroline (phen) can either intercalate or bind to 
the grooves of DNA or RNA [13-20]. Therefore, the design and 
synthesis of new derivatives of phen with extended properties 
have gained a significant attention by many researchers [21-
36]. We have previously reported an alternative strategy to 
synthesize a series of phen derivatives [37]. Recently, the site-
selective alkylation of the acyclic aza-bridged bis-1,10-phe-
nanthroline was reported by Kao et al. [10].  

In recent years, many molecular properties, such as 
geometry, vibrational frequency etc. with high degree of 
accuracy in comparison to those of experimental values can be 
readily calculated by density functional theory methods [38-
41].  

To the best of our knowledge, neither the crystal structure 
and detailed spectroscopic investigation nor the theoretical 
studies on the title compound have been reported yet. The aim 
of this study is to investigate the structural and spectral 
properties of the compound in order to shed light on the 
reactivity of these intermediate using experimental and 
theoretical methods. Theoretical calculations have been 
carried out by using the density functional theory (B3LYP) 
method with B3LYP/6-311++G(d,p) basis set. 
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Scheme 1. Reaction conditions for the formation of 2-amino-1,10-phenanthrolin-1-ium chloride. 
 
2. Experimental 
 
2.1. Materials and methods 
 

We obtained all chemicals from commercial sources and 
used without further purification unless otherwise stated. 
Solvents were freshly distilled over appropriate drying 
reagents under dry N2 atmosphere. The IR spectrum was 
recorded on a Perkin-Elmer Spectrum 100 FT-IR spectro-
photometer with an attenuated total reflection (ATR) 
accessory featuring a zinc selenide (ZnSe) crystal. The 1H and 
13C NMR DEPT spectra have been measured in DMSO-d6 with 
an Agilent 600 MHz Premium Compact NMR spectrometer at 
room temperature. Chemical shifts are given in parts per 
million with reference to TMS. The UV/Vis spectra have been 
measured on a PG Instruments T80+ UV-VIS spectrometer in 
DMSO.  
 
2.2. Synthesis 
 

The title salt (L∙HCl) is mono-protonated as depicted in 
Scheme 1, because phen was previously obtained as a HCl salt 
to prevent sublimation in the tube where the reaction within 
the ammoniac gas carried out at 240 °C [10]. The final product 
has been purified by column chromatography (SiO2, dichloro-
methane:ethanol, 20:1, v:v) to afford a white precipitate. The 
single crystals suitable for X-ray diffraction analysis were 
grown by slow diffusion of dichloromethane into a concent-
rated ethanol solution. Color: White solid. Yield: 20%. IR (ATR, 
ν, cm-1): 3459, 3295, 3179, 3039, 2923, 2852, 1622, 1589, 
1553, 1510, 1491, 1462, 1418, 1394, 1366, 1294, 1229, 1142, 
1083, 1029, 835, 770, 734, 660. 1H NMR (600 MHz, DMSO-d6, 
δ, ppm): 8.9 (dd, 1H, J = 8.92 Hz, Ar-H), 8.3 (dd, 1H, J = 8.31 Hz, 
Ar-H), 8.02 (d, 1H, J = 8.02 Hz, Ar-H), 7.7 (d, 1H, J = 7.70 Hz, Ar-
H), 7.6 (m, 1H, J = 7.60 Hz, Ar-H), 7.5 (d, 1H, J = 7.54 Hz, Ar-H), 
6.9 (d, 1H, J = 6.91 Hz, Ar-H), 6.7 (s, 2H, NH2). 13C NMR (DEPT, 
600 MHz, DMSO-d6, δ, ppm): (C) 159.196, 145.594, 144.683, 
129.257, 122.016, (CH) 148.966, 137.977, 136.192, 127.027, 
122.805, 120.950, 112.644. 
 
2.3. X-ray crystallography 

 
Single-crystal X-ray diffraction data have been recorded 

with a Bruker APEX II QUAZAR three-circle diffractometer 
[42]. A total of 640 frames have been collected in the total 
exposure time of 10.67 h. The frames were integrated with the 
Bruker SAINT Software package using a wide-frame algorithm 
[43]. Data were corrected for absorption effects using the 
multi-scan method (SADABS) [44]. The structure was solved 
by a dual-space algorithm using SHELXT-2014 [45] and 
refined with full-matrix least-squares calculations on F2 using 
SHELXL-2016 [46] implemented in WinGX [47] program suit. 
All H atoms were positioned geometrically and treated using a 
riding model, fixing the bond lengths at 0.86 and 0.93 Å for N-
H and C-H, respectively. The displacement parameters of the H 
atoms were fixed at Uiso(H) = 1.2Ueq of their parent atoms. 
Crystal structure validations and geometrical calculations 
were performed by using PLATON [48] software. Crystal data, 

data collection and structure refinement details are 
summarized in Table 1.  
 
2.4. Computational procedure 
 

The DFT calculations with the three-parameter hybrid 
density functional (B3LYP) [49,50] and B3LYP/6-311++G(d,p) 
basis set [51] were performed using the Gaussian 03 software 
package [52] and GaussView visualization program [53]. The 
calculated vibrational frequencies ascertained that the 
structure was stable (no imaginary frequencies). Scale factors 
of 0.9679 (for wavenumbers under 1700 cm-1) and 0.955 (for 
those over 1700 cm-1) were used to correct the calculated 
harmonic vibrational frequencies [54]. The 1H and 13C NMR 
chemical shifts were calculated within the gauge-independent 
atomic orbital (GIAO) approach [55,56], while the electronic 
absorption spectra were obtained using the time dependent 
density functional theory (TD-DFT) [57,58] at the same level. 
In these computations, solvent effects were included using the 
default method [59]. 
 
3. Results and discussion 
 
3.1. Experimental and theoretical structures 
 

An ORTEP-3 [47] view of which is shown in Figure 1. The 
compound crystallizes as a salt in the monoclinic space group 
P21/n with Z = 8, and is composed of a singly protonated 2-
amino-1,10-phenanthrolin-1-ium cation and a chloride anion. 
There are two symmetry-independent molecules, labeled as A 
and B, in the asymmetric unit. In the following discussion, 
parameters for B are quoted in square brackets. Some of the 
optimized parameters (bond lengths, bond angles, and 
dihedral angles) of the compound using the B3LYP/6-
311++G(d,p) method are listed in Table 2 together with the 
corresponding experimental data. 

There is no chemically significant differences exist 
between the two cationic molecules in the asymmetric unit, as 
are evident from the root mean square (r.m.s.) bond and angle 
fit values of 0.006 Å and 0.549° obtained by PLATON (Figure 1 
(b)). In addition, the two phen moieties inclined at an angle of 
2.62(2)° are linked to each other by π-π stacking interactions, 
in which centroid-centroid separations change from 3.508(2) 
to 3.638(2) Å. As expected, the phen+ cation is planar, the 
r.m.s. deviation from the least-squares plane being 0.015(3) Å 
[0.052(3) Å], and the chloride ion which is hydrogen bonded 
to N1 and N2 deviates by only 0.149(2) Å [0.086(2) Å] from 
this plane. The N2-C1 and N2-C12 bond lengths of 1.343(4) 
and 1.381(4) Å [1.351(4) and 1.372(4) Å] for the protonated 
N2 atom are significantly longer than the corresponding 
lengths of 1.315(4) and 1.351(4) Å [1.312(4) and 1.358(4) Å] 
for the non-protonated N3 atom. These bond distances are 
calculated as 1.355, 1.369, 1.316 and 1.349 Å, respectively. 
Furthermore, the C1-N2-C12 angle of 123.0(3)° [123.0(3)°] at 
the protonated N2 atom is significantly larger than the 
corresponding angle of 116.4(3)° [116.7(3)°] at the non-
protonated N3 atom. These angles are theoretically found to 
be 122.95 and 118.25°, respectively.  
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Table 1. Crystal data and structure refinement parameters for L∙HCl. 
Parameters L∙HCl 
CCDC deposition no. 1507641 
Color/shape Yellow/block 
Chemical formula (C12H10N3)+·Clˉ  
Formula weight 231.68 
Temperature (K) 300(2) 
Wavelength (Å) 0.71073 MoKα 
Crystal system Monoclinic 
Space group P21/n (No. 14) 
Unit cell parameters  
 a, b, c (Å)  13.7908(5), 10.9756(4), 15.0251(5) 
 α, β, γ (°)  90, 105.058(3), 90  
Volume (Å3) 2196.14(14) 
Z 8 
Dcalc (g/cm3) 1.401 
μ (mm-1) 0.321 
Absorption correction Multi-scan 
Tmin, Tmax 0.61, 0.97 
F000 960 
Crystal size (mm3) 0.32 × 0.14 × 0.08 
Diffractometer Bruker APEX II QUAZAR 
Measurement method φ and ω scans 
Index ranges -16 ≤ h ≤ 16, -13 ≤ k ≤ 7, -18 ≤ l ≤ 18  
θ range for data collection (°) 1.787 ≤ θ ≤ 25.681 
Reflections collected 17204 
Independent/observed reflections 4173/ 2073 
Rint 0.1033 
Refinement method Full-matrix least-squares on F2 
Data/restraints/parameters 4173/0/289 
Goodness-of-fit on F2 1.030 
Final R indices [I > 2σ(I)] R1 = 0.0577, wR2 = 0.1219 
R indices (all data) R1 = 0.1386, wR2 = 0.1531 
Δρmax, Δρmin (e/Å3) 0.29, -0.20 

 

 
 
Figure 1. (a) The molecular structure of L∙HCl showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level and H atoms 
are shown as small spheres of arbitrary radii. Intermolecular contacts are represented by broken lines. (b) A molecular fit of the two independent cationic 
molecules in the asymmetric unit (A = red, B = black). 

 
These parameters are in the usual ranges, and comparable 

to those observed for similar structures reported in the 
literature [60-62]. 

When the experimental and computed structures are 
globally compared by overlaying them, the determined bond 
and angle fit values are 0.014 Å and 0.966° for A, and 0.013 Å 
and 0.676° for B (Figure 2). Consequently, the concordance 
between the theoretical and the x-ray structures is sufficient, 
and the computation level of theory can be used to reach the 
other properties. 

Figure 3 shows the packing diagram obtained by Mercury 
3.9 Software [63]. The compound contains no intramolecular 
hydrogen bond in the molecular structure. In the crystal 
structure, the cation is connected to the anion through N1-
H···Cl1 and N2-H···Cl1 hydrogen bonds forming an ( )R1

2 6  ring 
[64] (Figure 1). The cationic molecules are packed in π-stacked 
columns running along the a axis, the stacking sequence being 
AABBAABB. In this sequence, the centroid-centroid separa-
tions range from 3.508(2) to 3.767(2) Å. Even if these interac-
tions are weak, they strongly contribute to the formation of a 

stable 3D network [65]. The π-stacked columns are linked by 
N-H···Cl interactions, and have a tilting angle of 16.42° with 
respect to each other. The parameters for the hydrogen-
bonding geometry are given in Table 3. 
 
3.2. Spectroscopic characterization 
 

The recorded and scaled theoretical spectra are given as 
superimposed in Figure 4. The vibrational bands assignments 
have been done by using Gauss View molecular visualization 
program. The amino group is generally considered as electron-
donating substituent in aromatic ring system and the amino 
group involved in H-bonding leads to a reduction in the 
stretching wavenumber, an increase in the N-H2 bending 
wavenumber, and an increase in infrared intensity. The 
observation of a broad band at 3459 cm-1, at higher wave-
number compared that of 3320 cm-1 observed for the non-
protonated counterpart [21], assigned to N-H2 stretching the 
primary amine having second band at lower wavenumber at 
2852 cm-1 is evident to H-bonding with chloride anion [66].  
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Table 2. Selected experimental and optimized geometric parameters for L∙HCl. 
Parameters X-Ray DFT 

A B 
Bond lengths (Å)    
N1-C1 1.320(4) 1.318(4) 1.327 
N2-C1 1.343(4) 1.351(4) 1.355 
N2-C12 1.381(4) 1.372(4) 1.369 
N3-C10 1.315(4) 1.312(4) 1.316 
N3-C11 1.351(4) 1.358(4) 1.349 
Bond angles (°)    
C1-N2-C12 123.0(3) 123.0(3) 122.95 
C10-N3-C11 116.4(3) 116.7(3) 118.25 
N1-C1-N2 119.7(3) 119.4(3) 118.48 
N1-C1-C2 121.8(3) 122.7(3) 123.31 
N2-C1-C2 118.4(3) 117.9(3) 118.21 
N2-C12-C11 118.5(3) 118.9(3) 119.54 
N2-C12-C4 119.5(3) 119.8(3) 120.30 
N3-C10-C9 124.8(4) 124.2(3) 123.21 
N3-C11-C7 124.1(3) 123.7(3) 123.49 
N3-C11-C12 118.5(3) 118.0(3) 117.83 
Torsion angles (°)    
N3-C11-C12-N2 -0.6(5) -179.7(3) -0.01 
C12-N2-C1-N1 -179.3(3) 177.8(3) 179.99 
N1-C1-C2-C3 179.7(4) -179.3(3) -179.99 
C5-C4-C12-N2 179.6(3) -179.1(3) -180.00 
C6-C7-C11-N3 -179.2(3) -179.3(3) -179.99 
 
Table 3. Hydrogen bonding geometry for L∙HCl. 
D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 
N1B-H1B2···Cl1B i 0.86 2.36 3.182(3) 159 
N1A-H1A2···Cl1A ii 0.86 2.40 3.214(3) 157 
N1B-H1B1···Cl1B 0.86 2.33 3.133(3) 156 
N1A-H1A1···Cl1A 0.86 2.33 3.125(3) 154 
N2A-H2A···Cl1A 0.86 2.44 3.214(3) 150 
N2B-H2B···Cl1B 0.86 2.48 3.254(3) 150 
Symmetry codes: i -x+3/2, y-1/2, -z+3/2; ii -x+3/2, y+1/2, -z+1/2. 
 

 
 
Figure 2. (a) A molecular fit of the calculated cationic structure (red) over molecule A (black). (b) A molecular fit of the calculated cationic structure (red) over 
molecule B (black). 

 
These bands were calculated at 3503 and 2615 cm-1, 

respectively. The secondary amine group was characterized by 
the N-H stretching vibration band at around 2923 cm-1, which 
was observed at 2747 cm-1 in the theoretical spectra. Proto-
nation causes this band to red shift with broadening of the 
band [67]. The slight deviations between the experimentally 
observed and the theoretically calculated amino group 
frequencies may be attributed to intermolecular hydrogen 
bond formation of the electron donating amino group. The 
hydrogen bonding facility of the amino group in the 1,10-
phenantroline ring system is of great interest in developing of 
supramolecular receptors for binding urea [26] and biological 
system for the recognition of a cytosine bulge and a cytosine-
cytosine mismatch [29]. The cryptand-like receptors having 
ammonium groups are early known first type of hosts for 
binding halide anions [68,69]. We assigned the bands at 1510 
cm-1 due to the N-H2 scissoring which coincidence with 
theoretical value of 1565 cm-1. 

The C-H stretching frequency generally occurs in the 
wavenumber region 3100-3000 cm-1 [59]. The C-H aromatic 
stretching modes were observed in the range of 3295-3030 
cm-1 experimentally and were calculated in the range of 3056-
3017 cm-1. The bands observed at 1394, 1366 and 1294 cm-1 
have been assigned to C-H in-plane bending vibrations that 
were calculated at 1384, 1371 and 1294 cm-1, respectively. 
The C-H out-of-plane deformation is provided between 1000 

and 700 cm-1. The C-H out-of-plane deformation mode 
recorded at 835 cm-1 is in good agreement with theoretical 
result of 826 cm-1. 

The aromatic ring C=C and C=N stretching vibrational 
modes appear in the region 1635-1100 and 1600-1500 cm-1, 
respectively [67]. The ring C=C and C=N vibrations are coupled 
with other vibrations. They are not much affected by the 
substituents in the phen ring. The observed wavenumbers fall 
in the expected region of the spectrum [67]. The C=C and C=N 
stretching vibration modes were recorded at 1622 and 1589 
cm-1, and were appeared at 1645 and 1601 cm-1, respectively, 
in the theoretical spectrum. 

The structure of the title salt was clearly confirmed by 1H 
and 13C NMR DEPT spectra. Due to presence of the amino 
group in the 2-position of phen, all the aromatic protons get 
resonance at different chemical shift. Thus, the eight aromatic 
protons are observed between δ 8.90 to 6.90 ppm. The 
chemical shifts are comparable to those observed for the free 
2-amino-1,10-phenathroline [29]. The protonation brought 
about slightly deshielding of the most protons in comparison 
to those of the non-protonated counterpart, but with the 
exception of the ortho-proton monitored at δ 8.90 ppm, 
whereas it appears at δ 9.09 ppm for the non-protonated 
counterpart. The amino group was clearly confirmed by the 
D2O exchange experiment in which the signal corresponds to 
the NH2 at δ 6.70 ppm was disappeared after deuteration.  
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Figure 3. Packing diagram of L∙HCl. Intermolecular N-H···Cl and π-π stacking interactions are shown as dashed lines and only H atoms involved in hydrogen 
bonding have been included. Distances are in Å. 
 

 
 

Figure 4. The experimentally recorded (a) and theoretically simulated (b) FT-IR spectra of L∙HCl. 
 
The structure was further characterized by 13C NMR DEPT 

showing the five quaternary C atoms and seven CH atoms, 
respectively, in the expected range as compared to the free 
form [29]. 

The results of NMR calculations for the optimized struc-
ture are compared to those of experimental values in Table 4. 
The calculated 1H chemical shift values of δ 7.14-16.07 ppm 
are different than those of the experimental values observed at 
δ 6.70-8.90 ppm. The aromatic protons observed at δ 6.90-
8.90 ppm in the spectra, and were calculated at δ 7.14-9.40 
ppm in the lower field. Additionally, the title compound gave 
distinctive singlet peak at δ 6.70 ppm experimentally, but 
calculated at δ 9.33 ppm. The calculated 13C chemical shift 
values of δ 120.99-162.34 ppm are comparable to δ 112.60-
160.30 ppm of the experimental values. The chemical shifts of 
almost all carbons in heterocyclic ring are set downfield, 
because of the presence of the protonated N atom of the phen 
ring. As can be seen from Table 4, the theoretical 1H and 13C 
chemical shift values are generally closer to the experimental 
data. The differences between the calculated and the 
experimental values can be explained by the fact that the 
classical hydrogen bonding (Table 3) causing polarization of 
the bonds, along with the protonation of the phen N atom as 
causing electron deficient at the certain position such as ortho 
and para positions, and also close stacking as an anti-parallel 
fashion where the amino groups can act as an electron 
donating group in dimer in addition to π-π interactions 
between the two planes. The solvent influence and also 

polarity of the solvent should take into account for the 
differences as revealed in similar cases [70]. 

The electronic absorption spectrum of the title salt is 
shown in Figure 5. The band near at 330 nm is attributed to 
intra-ligand (IL) π → π* transitions. The lowest energy bands 
at 330-450 nm are assigned to charge transfer (CT) transition 
due to protonation of the nitrogen atoms of the 1,10-
phenanthroline moiety akin to those of heterocyclic 
compounds containing amines in which protonation leads to 
red shift [71]. It is also very well known that the lowest energy 
CT transitions are linearly related to the difference between 
the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO). These bands in general 
show solvatochromic shift, as increasing polarity of the solvent 
the absorption maxima undergo red shift [72]. 

Electronic absorption spectrum of the title salt was 
computed by the TD-DFT method at the same level. To 
designate the major contributions of the transitions, GaussSum 
program [73] was used. According to the TD-DFT calculation, a 
single absorption was predicted at 346 nm with a major 
transition contribution from HOMO to LUMO (95%). The 
HOMO is localized on the chloride anion, while the LUMO is 
mainly spread over the phen cation and mostly the π-
antibonding type orbitals (Figure 5). The HOMO-LUMO gap 
(ΔE) is an indicator of the chemical reactivity and chemical 
hardness-softness of a molecule, HOMO-LUMO gap becomes 
small for soft molecules and large for hard molecules. 
According to the calculated gap value of 2.98 eV, the title salt 
can be accepted as a soft molecule [74].  

 
2019 – European Journal of Chemistry – CC BY NC – DOI: 10.5155/eurjchem.10.2.95-101.1847 



100 Büyükekşi et al. / European Journal of Chemistry 10 (2) (2019) 95-101 
 

 
Table 4. Experimental and theoretical 13C and 1H NMR chemical shifts δ (ppm) from TMS for L∙HCl. 
Atom a Experimental  Calculated b Atom a Experimental Calculated b 
C1 160.30 162.34 C12 140.74 143.33 
C2 112.60 120.99 H1 (NH2) 6.70 9.33 
C3 150.73 150.90 H2 (NH) - 16.07 
C4 120.90 126.98 H2 6.90 7.14 
C5 131.35 132.92 H3 8.00 8.49 
C6 127.00 131.11 H5 7.60 8.09 
C7 135.77 137.69 H6 7.70 8.15 
C8 142.56 144.24 H8 8.30 8.66 
C9 122.80 131.58 H9 7.50 8.01 
C10 155.48 156.82 H10 8.90 9.40 
C11 143.36 144.95    

a The atom numbering according to Figure 1 (a) used in the assignment of chemical shifts. 
b Average. 
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Figure 5. UV/Vis spectra of L∙HCl in DMSO, and HOMO/LUMO orbital surfaces. 

 
In the light of expressions given in the literature [75], the 

other calculated electronic parameters such as the ionization 
potential (I), electron affinity (A), chemical hardness (η), 
softness (S) and electronegativity (χ) are 5.69 eV, 2.71 eV, 1.49 
eV, 0.34 eV-1 and 4.2 eV, respectively. 
 
4. Conclusion 
 

In the present work, a new phenanthroline salt molecule 
has been synthesized and characterized by FT-IR, 1H and 13C 
NMR DEPT, UV/Vis and X-ray crystallography. X-ray results 
show that the π-π stacking interactions are mainly responsible 
for the stabilization of the crystal structure together with N-
H···Cl interactions between the phen cation and chloride 
anion. The 1H NMR and 13C NMR spectra clearly confirm the 
molecular structure. The results of experimental studies are 
also supported by some quantum mechanics calculations at 
the B3LYP/6-311++G(d,p) level. TD-DFT calculations have 
been performed to determine possible electronic transitions. 
The calculated HOMO-LUMO gap energy is 2.98 eV, pointing to 
a soft molecule. Despite the little differences, there is found an 
acceptable correlation between the computational and the 
experimental results. 
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