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ABSTRACT  

Experimental available infrared, Attenuated Total Reflectance 

(ATR) and Raman spectra of cyclizine hydrochloride have 

been employed to perform the complete assignments of 

expected 120, 123 and 126 vibration modes for free base, 
cationic and hydrochloride species of antihistaminic cyclizine 

(CYC) agent combining the Scaled Quantum Mechanical 

Force Field (SQMFF) methodology with Ab-initio 

calculations. The harmonic force fields and the force 

constants are reported for first time for those three species of 

CYC by using the B3LYP/6-31G* method. The predicted 

infrared, Raman and ultraviolet-visible spectra show 

reasonable correlations with the corresponding experimental 

ones. The most low solvation energy value was observed for 

the free base of CYC, as compared with the corresponding to 

scopolamine, heroin, morphine, cocaine and tropane 

alkaloids. The geometrical parameters predicted for the three 
cyclizine species show that both phenyl rings are symmetric, 

as evidenced from the experimental structure. The N-CH3 

distances in the three species of CYC have showed that the 

free base in solution presents practically the same value than 

heroin and morphine in the same medium. This similarity in 

the values could be attributed to that in CYC the N-CH3 

group is linked only to a ring(piperazine), as in heroin and 

morphine and not to bicyclic rings as in cocaine, scopolamine 

and tropane alkaloids. The mapped Molecular Electrostatic 

Potentials (MEP) surfaces reveal different nucleophilic and/or 

electrophilic regions in the three species of CYC where 
probable reactions can take place. Natural bond orbital (NBO) 

studies show clearly that the high stabilities of free base and 

hydrochloride species are strongly related to the * 

transitions due to the two phenyl rings in their structures 

while atoms in molecules (AIM) analyses clearly supports the 

high stability of hydrochloride species in solution due to the 

two interactions, H24---H30 and ionic H43---Cl44 

interaction, where the strong ionic interaction is visibly 

evidenced by their highest values of their topological 

properties. 
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1. INTRODUCTION 

Our interest to study different species containing the >N-CH3 group is due mainly to the wide 

range of biological properties that present the species with this group, such as tropane 

alkaloids, where these classes are known for the multiple effects they present ranging from 

the cure of pain to causing addiction [1-7]. Recent studies performed on the structural, 

electronic and topological properties for some alkaloids by using Ab-Initio calculations have 

shown that when the >N-CH3 group is linked to fused or alone rings changes in the charges, 

in the electronic densities of rings, stabilization and solvation energies can be expected [7]. 

Besides, these calculations have revealed that the N-C distance between those two atoms 

belonging to group play a very important role in the stability of the species [7].On the other 

hand, the theoretical studies computed on the frontier orbitals of free base, cationic and 

hydrochloride species of anti-histaminic diphenhydramine agent, containing two >N-CH3 

groups, have suggested practically the same reactivities than that predicted for the cationic 

form of cocaine [3,7] while the vibrational studies of scopolamine, morphine, heroin, cocaine 

and tropane alkaloids and of diphenhydramine have demonstrated that in the solid phase and 

in aqueous solution the hydrochloride/hydrobromide form is clearly present as cationic one 

[1-3,5-8].For these reasons, the hydrochloride structures should be studied as free base, 

cationic and hydrochloride species [1-3,5-7]and, specifically in aqueous solution. Continuing 

with the studies of species that contain the >N-CH3 group in its structure and, which are of 

great medicinal and pharmacological interest, in this opportunity the three forms of 

antihistaminic cyclizine agent were evaluated because cyclizine hydrochloride is a drug used 

to treatment of nausea, vomiting, and dizziness associated with motion sickness and, besides 

possesses anticholinergic, antihistaminic, central nervous system depressant, and local 

anesthetic effects [9-20]. The systematic name of cyclicine is 1-(diphenylmethyl)-4-

methylpiperazine monohydrochloride while its IUPAC name is 1-benzhydryl-4-

methylpiperazine hydrochloride. The experimental structure of cyclicine hydrochloride was 

determined by X-ray diffraction by Bertolasi et al [11] but, so far, the structural properties 

and vibrational assignments of those three species of cyclizine were not published. In this 

work, the theoretical structures of three cyclizine species were optimized by using the hybrid 

B3LYP/6-31G* level of theory in gas phase and in aqueous solution [21,22]. The studies in 

solution were performed with the integral equation formalism variant polarised continuum 

method (IEFPCM) because it scheme contemplates the solvent effects while the solvation 

energies were computed with the universal solvation model [23-25]. For those three cyclizine 
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species, atomic charges, molecular electrostatic potential, bond orders, frontier orbitals and 

topological properties were calculated together with the harmonic force fields by using the 

Scaled Quantum Mechanical Force Field (SQMFF) and transferable scaling factors [26-

27].Then, the complete assignments for the three species were performed by using the 

corresponding force fields, internal normal coordinates and the experimental available 

infrared, Attenuated Total Reflectance (ATR) and Raman spectra of cyclizine hydrochloride 

[29-31]. In additional form and taking into account the wide range of biological activities that 

presents cyclizine, the reactivities and behaviours for its three species were predicted in both 

media by using the frontier orbitals [32,33] and global descriptors [34-42]. 

2. Ab-Initio calculations  

The initial structure for cyclizine hydrochloride was that experimental determined by X-ray 

diffraction by Bertolasi et al [11]and taken from the available CIF file. The cationic and free 

base species were modelled respectively by using the Gauss View program [43]removing 

first the Cl atom from that initial structure of cyclizine hydrochloride and at continuation the 

H atom.The optimizations of three species in both media were carried out with the Revision 

A.02 of Gaussian program [44] and the hybrid B3LYP/6-31G* method [21,22] experimental 

available infrared, ATR and Raman spectra of cyclizine hydrochloride]. The three species 

were optimized in solution by using PCM and SMD calculations [23-25] while the volume 

changes that experiment these species in the two media were evaluated with the Moldraw 

program [45].The vibrational wavenumbers for the three species in both media were used to 

check the natures of the reached stationary points. Here, three types of atomic charges were 

studied which are Merz-Kollman (MK) [46], Mulliken and natural population (NPA) and, 

after that, the molecular electrostatic potentials and bond orders were also predicted for the 

three species in both media. Then, the NBO and AIM programs were employed to compute 

the main delocalization energies and topological properties [47-49]while the kinetics 

stabilities and reactivities of three species of cyclizine were investigated through the frontier 

orbitals and of a series of known descriptors [34-42]. In addition and, in order to perform the 

complete vibrational assignments for the three species of cyclizine, the normal internal 

coordinates and transferable scaling factors were used to compute the harmonic force fields 

with the SQMFF method and the Molvib program [26-28].Strong coupling between some 

vibrations modes were observed in the three species and, for these reasons, Potential Energy 

Distribution (PED) contributions  7% were in some cases considered during the vibrational 
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assignments of three species of cyclizine. On the other hand, the electronic spectra of all 

species were also predicted in water by using Time-dependent DFT calculations (TD-DFT) at 

the 6-31G* level of theory with the Gaussian 09 program [44].  

3. RESULTS AND DISCUSSION 

3.1. Dipole moment, volume and solvation energy 

In Table 1 it is possible to observe calculated total energies, dipole moments and volumes for 

the three species of cyclizine in gas and aqueous solution phases by using the B3LYP/6-

31G* Method. In Figure 1 can be seen the theoretical molecular structures of free base, 

cationic and hydrocloride species of cyclizine, atoms labelling and identification of their 

rings.Imaginary frequencies were obtained for the cationic species in aqueous solution and 

for the hydrochloride species in gas phase.  

Table 1. Calculated total energies (E), dipole moments (µ) and volumes (V) of three species 

of cyclizine in gas and aqueous solution phases. 

B3LYP/6-31G* Method 

Medium E (Hartrees) ZPVE µ (D) V (Å3) 

Free base 

GAS -808.6494 -808.2828 0.13 309.3 

PCM -808.6602 -808.2918 0.17 313.2 

Cationic 

GAS -809.0385 -808.6566 13.94 312.4 

PCM# -809.1304 -808.7475 18.10 311.5 

Hydrochloride 

GAS# -1269.4712 -1269.0918 8.24 334.6 

PCM -1269.5060 -1269.1229 12.38 337.6 

#Imaginary frequencies 

The low solubility in water of cationic species could support that observation while a higher 

solubility for cyclizine hydrochloride justifies its existence in aqueous solution although the 

solubility for this species is strongly dependent of pH of solution, as was reported by 

Bohloko [14]. Thus, at pH=4 the solubility of cyclizine hydrochloride in pure water was 

found of 3.85mg/ml while when the pH increases at 6.8 the solubility decreases at 2.77mg/ml. 

The three species of cyclizine chemically can act as weak bases due to the presence of two N 

atoms in their structures [14]. Besides, the presence of Cl atom in the hydrochloride species 

increases the dipole moment value in solution because this species is probably hydrated with 
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water molecules, as justified by the volume expansion. Hence, the volume of this species 

increases in solution showing a volume variation of 3 Å3.  

 

Figure 1. Theoretical molecular structures of free base, cationic and hydrochloride species of 

cyclizine, atoms labelling and identification of their rings. 

Note that in the free base is also observed a strong volume expansion (3.9 Å3), as compared 

with the hydrochloride species. In the same way, the cationic species in gas phase has a high 

dipole moment value. Here, we observed that when the energy values are corrected by Zero 

Point Vibrational Energy (ZPVE) in the three species the E values slightly decrease. In Table 

2 is compared the corrected (Gc) and uncorrected solvation energy by the total non-

electrostatic terms and by ZPVE for free base of cyclizine by using the B3LYP/6-31G* 

method with the reported values for the same species of other alkaloids [1,3,5-7]. For the free 

base of cyclizine, Gc decreases from -34.25 kJ/mol up to -29.53 kJ/mol when both 
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corrections are applied. From Table 2 we observed that the free base of cyclizine presents the 

lower Gc value than the other free base of alkaloids probably because in its structure there 

are two phenyl ring but no oxygen atom is observed, as in the other species where are 

observed between 3 and 4 O atoms [1,3,5-7]. 

Table 2. Corrected and uncorrected solvation energies by the total non-electrostatic terms 

and by ZPVE of free base of cyclizine by using the B3LYP/6-31G* method compared with 

the same species of other alkaloids. 

B3LYP/6-31G* methoda 

Solvation energy (kJ/mol) 

Reference Condition Gun
# Gne Gc 

Free base 

This Work Cyclizinea -23.60 5.93 -29.53 

Reference 1 Morphineb -47.74 13.17 -60.91 

Reference 3 Cocainec -42.75 28.51 -71.26 

Reference 6 Scopolamined -56.66 18.81 -75.47 

Reference 5 Heroine -59.54 29.13 -88.67 

Gun
#= uncorrected solvation energy: defined as the difference between the total energies in 

aqueous solutions and the values in gas phase. 

Gne= total non electrostatic terms: due to the cavitation, dispersion and repulsion energies. 

Gc= corrected solvation energies: defined as the difference between the uncorrected and 

non-electrostatic solvation energies. 

3.2. Geometries in both media 

Calculated geometrical parameters of three species of cyclizine in both media by using the 6-

31G* level of theory are compared with the corresponding experimental ones [11] in Table 

3by means of the Root-Mean-Square Deviation (RMSD) values. Very good correlations can 

be observed in the predicted parameters for the three species of cyclizine where the 

piperazine rings adopts clearly chair conformations and with values for bond lengths between 

0.039 and 0.017 Å and for bond angles between 1.5 and 0.8º. The similarities in some 

parameters values show clearly that both phenyl rings are symmetric. In relation to the 

dihedral angles, the hydrochloride species in solution present the better results with a RMSD 

value of 4º while these values for free base and cationic species are very high around of177.2 



www.ijsrm.humanjournals.com 

  Citation: Silvia Antonia Brandán et al. Ijsrm.Human, 2019; Vol. 11 (3): 53-87. 

59 

and 174.2º,due to that the dihedral C7-N14-C15-C16, C7-N14-C19-C18, C20-N17-C16-C15 

and C20-N17-C18-C19 angles change of signs in those two species, as detailed in Table 3. 

Table 3. Comparison of calculated geometrical parameters of three species of cyclizine in 

both media with the corresponding experimental ones. 

B3LYP/6-31G* Method 
Experimental b 

Parameters Free base Cationic Hydrochloride 

Gas PCM Gas PCM 

Bond lengths (Å) 

N14-C7 1.474 1.483 1.474 1.486 1.480 

N14-C15 1.468 1.475 1.469 1.473 1.462 

N14-C19 1.468 1.475 1.469 1.473 1.463 

N17-C16 1.459 1.466 1.459 1.501 1.489 

N17-C18 1.459 1.466 1.459 1.501 1.489 

N17-C20 1.453 1.459 1.453 1.489 1.490 

C4-C7 1.530 1.530 1.531 1.530 1.524 

C8-C7 1.530 1.530 1.531 1.530 1.524 

C1-C2 1.392 1.395 1.394 1.395 1.379 

C2-C3 1.394 1.397 1.396 1.397 1.383 

C3-C4 1.396 1.401 1.398 1.401 1.384 

C4-C5 1.399 1.403 1.402 1.403 1.392 

C5-C6 1.392 1.395 1.394 1.395 1.379 

C6-C1 1.395 1.398 1.397 1.397 1.375 

C15-C16 1.525 1.524 1.527 1.520 1.511 

C18-C19 1.525 1.524 1.527 1.520 1.511 

N17-H43   1.000 1.062 0.913 

H43-Cl44    2.040 2.089 

RMSDb 0.017 0.017 0.018 0.039  

Bond angles (º) 

C7-N14-C15 112.2 109.9 112.2 110.0 112.1 

C7-N14-C19 112.2 109.9 112.2 110.0 112.1 

C15-N14-C19 108.7 108.1 108.4 107.8 107.0 

N14-C19-C18 110.7 111.7 110.5 111.7 109.8 

N14-C15-C16 110.7 111.7 110.5 111.7 109.8 

C15-C16-N17 110.9 111.3 110.8 111.0 110.9 

C19-C18-N17 110.9 111.3 110.8 111.0 110.9 

C16-N17-C18 110.2 108.2 110.0 110.1 110.1 

C16-N17-C20 112.2 110.4 112.1 111.9 111.2 

C18-N17-C20 112.2 110.4 112.1 111.9 111.3 

C4-C7-C8 109.4 109.5 109.1 110.2 110.5 

C4-C7-N14 112.0 112.9 111.9 112.4 110.6 

C8-C7-N14 112.0 112.9 111.9 112.4 110.6 

C3-C4-C5 118.5 118.3 118.5 118.4 118.4 

C9-C8-C13 118.5 118.3 118.5 118.4 118.4 

N-H-Cl    171.3 173.5 

RMSDb 0.9 1.5 0.8 1.3  
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Dihedral angles (º) 

C6-C5-C4-C7 177.8 177.3 177.4 178.0 178.6 

C12-C13-C8-C7 -177.8 -177.3 -177.4 -178.0 -178.6 

C4-C7-N14-C15 56.8 58.0 57.2 58.0 58.3 

C4-C7-N14-C19 179.6 176.9 179.8 176.7 178.8 

C7-N14-C15-C16 -176.7 176.0 -176.3 -179.9 -172.3 

C7-N14-C19-C18 176.7 -176.0 176.3 179.9 172.3 

C20-N17-C16-C15 -177.6 178.7 -177.6 178.2 176.7 

C20-N17-C18-C19 177.6 -178.7 177.6 -178.2 -176.7 

RMSDb 177.2 174.2 177.2 4.0  

aThis work, bRef [11] 

For the hydrochloride species, the predicted N17-H43distance is of 2,040 Å, a value slightly 

low than the experimental one (2,089 Å) while the experimental N17---Cl44 distance is of 

3.00 Å, notably lower than that predicted value of 3.095 Å. Here, interesting results are 

obtained when the separation N-C distances of >N-CH3 groups belonging to the three 

cyclizine species and to different alkaloids are compared among them [1-7]. Thus, in Table 4 

are summarized the N-C distances of all species in gas and aqueous solution phases by using 

the B3LYP/6-31G* method. Then, in Figure 2can be easily seen their variations.  

Table 4. Bond lengths observed between the N and C atoms of the N-CH3 bonds belonging 

to the three cyclizine species in gas phase and in aqueous solution by using B3LYP/6-31G* 

calculations. 

N-CH3 bond 

Species 
Gas phase Aqueous solution 

Free base Cationic Hydrobromide Free base Cationic Hydrobromide 

Cyclizine 1.453 1.453 # 1.459 # 1.489 

Scopolamine 1.462 1.492 1.491 1.466 1.491 1.493 

Heroin 1.453 1.501 1.483 1.460 1.498 1.492 

Morphine 1.453 1.500 1.483 1.460 1.497 1.493 

Cocaine 1.459 1.493 1.487 1.467 1.492 1.494 

Tropane 1.458 1.496 1.478 1.467 1.491 1.486 

#Imaginary frequencies 

In gas phase, the lowest values are observed in free base and cationic species of cyclizine 

while the cationic species of all alkaloids present the higher distances, in particular, heroin 

and morphine. These higher N-C distances observed in heroin and morphine could be 

justified by the absence of pyrrolidine rings in their structures, permitting this way, the higher 
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elongations of these bonds. In these species, obviously, the presence of positive charges on N 

atoms of N-CH3groups increase the N-C distances, as compared with the free bases. Note 

that the free bases of all species present the lower distances because these species are not 

charged. In aqueous solution, the hydrochloride species of cyclizine increases the N-C 

distance presenting the lower value the species corresponding to tropane. The free bases of 

all species in solution increase their values and, in particular, the hydrochloride species of 

tropane alkaloid has the lower distance. The low values observed in the tropane could be 

associated to that the N-CH3group is linked to fused piperidine and pyrrolidine rings 

diminishing the N-C distances. Moreover, the free base of cyclizine in solution has 

practically the same value than the species corresponding to heroin and morphine in the same 

medium. This similarity in the values could be attributed to that N-CH3 group in cyclizine is 

linked only to a piperazine ring, as in heroin and morphine and not to bicyclic rings as in 

cocaine, scopolamine and tropane alkaloids. Evidently, the N-C distances are shortened when 

the N-CH3 group is linked to two fused rings.  

 

Figure 2. Calculated N-C distances corresponding to N-CH3 groups of free base, cationic 

and hydrochloride species of cyclizine compared with the corresponding to other alkaloids in 

both media by using the B3LYP/6-31G* method. 
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3.3. Charges, molecular electrostatic potential and bond orders studies 

The charges studies for the three species of cyclizine are very useful because the presences of 

two symmetric phenyl rings and of a piperazine ring in their structures confer to these species 

interesting properties. Here, only some Mulliken, Merz-Kollman (MK) and NPA charges on 

C and N atoms were studied for those three species in both media by using the 6-31G* level 

of theory. In Table 5are presented those three charges for the three species of cyclicine in gas 

phase and in aqueous solution by using B3LYP/6-31G* calculations together with the 

Molecular Electrostatic Potentials (MEP) and bond orders, expressed as Wiberg indexes. 

Table 5. Mulliken, Merz-Kollman and NPA charges (a.u.), MEP (a.u.) and bond orders, 

expressed as Wiberg indexes for the three species of cyclicine in gas phase and in aqueous 

solution by using B3LYP/6-31G* calculations. 

Free base 

GAS PCM 

Atoms MK Mulliken NPA MEP BO MK Mulliken NPA MEP BO 

  4  C 0.315 0.141 -0.038 -14.737 4.004 0.536 0.143 -0.039 -14.736 4.004 

  7  C -0.620 -0.077 -0.065 -14.702 3.934 -1.488 -0.094 -0.068 -14.703 3.937 

  8  C 0.315 0.141 -0.038 -14.737 4.004 0.535 0.143 -0.039 -14.736 4.004 

 14  N -0.114 -0.431 -0.516 -18.358 3.113 0.063 -0.423 -0.507 -18.358 3.106 

 15  C -0.110 -0.128 -0.268 -14.725 3.862 -0.130 -0.128 -0.273 -14.725 3.865 

 16  C -0.116 -0.120 -0.265 -14.723 3.874 -0.052 -0.127 -0.269 -14.723 3.874 

 17  N -0.217 -0.382 -0.507 -18.363 3.118 -0.267 -0.381 -0.503 -18.363 3.109 

 18  C -0.116 -0.120 -0.265 -14.723 3.874 -0.052 -0.127 -0.269 -14.723 3.874 

 19  C -0.110 -0.128 -0.268 -14.725 3.862 -0.131 -0.128 -0.273 -14.725 3.865 

 20  C -0.315 -0.289 -0.467 -14.725 3.818 -0.315 -0.291 -0.470 -14.726 3.819 

Cationic GAS Hydrochloride PCM 

Atoms MK Mulliken NPA MEP BO MK Mulliken NPA MEP BO 

  4  C 0.388 0.129 -0.068 -14.639 4.002 0.463 0.136 -0.048 -14.721 4.004 

  7  C -0.916 -0.095 -0.065 -14.587 3.917 -1.214 -0.102 -0.070 -14.683 3.928 

  8  C 0.388 0.129 -0.068 -14.639 4.002 0.463 0.136 -0.048 -14.721 4.004 

 14  N -0.199 -0.421 -0.513 -18.215 3.120 -0.166 -0.430 -0.513 -18.328 3.094 

 15  C 0.094 -0.151 -0.291 -14.564 3.846 0.082 -0.156 -0.294 -14.688 3.846 

 16  C -0.240 -0.175 -0.262 -14.526 3.782 -0.259 -0.157 -0.266 -14.660 3.816 

 17  N 0.025 -0.491 -0.452 -18.056 3.468 0.315 -0.478 -0.479 -18.228 3.388 

 18  C -0.240 -0.175 -0.262 -14.526 3.782 -0.259 -0.157 -0.266 -14.660 3.816 

 19  C 0.094 -0.151 -0.291 -14.564 3.846 0.082 -0.156 -0.294 -14.688 3.846 

 20  C -0.420 -0.334 -0.475 -14.522 3.711 -0.463 -0.312 -0.472 -14.664 3.744 
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The modifications in the three charges for all cyclizine species in both media can be clearly 

observed in Figure 3.  

 

Figure 3. Calculated MK, Mulliken and NPA charges on free base, cationic and 

hydrochloride species of cyclizine in both media by using the B3LYP/6-31G* method. 

The deep analyses of those charges show that: (i) the values of three charges are different 

among them and, where the MK charges show higher variations, (ii) the most negative MK 

values are observed on the C7 atoms of three species and the most positive values on the C4 

and C8 atoms, (iii) the most negative Mulliken and NPA charges are observed on the N14 

and N17 atoms and the most positive values on the C4 and C8 atoms, (iv) in solution, the 

Mulliken and NPA charges on all atoms of free base tend to approach each other, (v) the MK 

charges on the C15, N17 and C19 atoms change if signs in the cationic and hydrochloride 

species, showing this latter species in solution the higher value (0.315 a.u.). The most 

important results observed from Table 5 are the similarity among the properties for the C4 

and C8 atoms, which indicate that both phenyl rings are equivalents.  

The MEP values observed from Table 5 do not show significant difference among them, but 

when the mapped surfaces are graphed in Figure 4 we can easily see the notable differences 

among the three surfaces. Hence, the MEP surface of free base in gas phase show strong red 

colours on the N17 atom due to its lone pairs indicating a clear nucleophilic site on that atom 

while soft yellow and blue colours are observed on the phenyl rings and H atoms of these 

rings, respectively. On the remaining atoms of piperazine ring the surfaces show green 

colours indicative of inert places.  
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Figure 4.Calculated electrostatic potential surfaces on the molecular surfaces of the free base, 

cationic and hydrochloride species of cyclizine. Color ranges are indicated in units a.u. 

B3LYP functional and 6-31G* basis set. Isodensity value of 0.005. 

The cationic species of cyclizine in gas phase shows two regions with different tonalities of 

blue color, showing the darkest regions on the atoms of the piperazine ring, as expected 

because it species is positively charged and, for this reason, present only electrophilic sites. 

The MEP surface of hydrochloride species in solution presents a strong red colour around the 

Cl atom which indicates nucleophilic sites while light blue colours are observed on H atoms 

of CH2 and C-H groups of piperazine and phenyl rings, respectively. This study evidently 

reveals the different regions expected in the three species of cyclizine where probable 

reactions with nucleophilic and/or electrophilic reactive take place. 

The Bond Orders (BO), expressed as Wiberg indexes, were also studied for the three species 

of cyclizine in both media by using the 6-31G* level of theory. The values are summarized in 

Table 5. When these values are exhaustively analysed for the three species in the two media 

it is possible to see the lower values for the N14 and N17 atoms while the C4 and C8 atoms 

present the same values in both media, confirming that both phenyl rings are symmetric in 

the three species. On the other side, practically the same values for the free base in both 
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media are observed. When now the values for the cationic and hydrochloride species in gas 

phase and in solution, respectively are evaluated the BO for the N17 atoms increase the 

values in both species (3.468 in the cationic and 3.388 in the hydrochloride), as compared 

with the lower value for free basein solution (3.109). In general, only differences in the BO 

from C15 atoms up to C20 atoms are observed for the three species. 

3.4. NBO and AIM studies 

The main donor-acceptor energy interactions are useful properties to explore the stabilities of 

three cyclizine species in both media computing the second order perturbation theory 

analysis of Fock matrix in NBO Basis with the NBO program [47]. Here, the main 

delocalization energies for these species in both media by using the B3LYP/6-31G* method 

are descript in Table 6. Note that for both free base and cationic species only are observed 

E*interactions which are related to the C=C bonds of phenyl rings while in the 

hydrochloride species are predicted other two different ELP*and ELPLP*interactions 

attributed to N17, H43 and Cl44atoms.Obviously, these three interactions confer to the 

hydrochloride species a high stability in solution with an ETOTAL value of 2970.56 kJ/mol. 

The low value obtained for the cationic species in gas phase could be justified because this 

species only can exist in solution. 

Table 6. Main delocalization energies (in kJ/mol) for the three species of cyclicine in gas and 

aqueous solution phases by using B3LYP/6-31G* calculations. 

B3LYP/6-31G*a 

Delocalization 
Free base Cationic 

Gas PCM Gas 

πC1-C2 π*C3-C4 81.93 82.05 44.56 

πC1-C2 π*C5-C6 84.48 84.48 43.68 

πC3-C4 π*C1-C2 87.49 87.40 40.00 

πC3-C4 π*C5-C6 79.96 80.30 39.92 

πC5-C6 π*C1-C2 83.43 83.39 39.71 

πC5-C6 π*C3-C4 85.65 85.69 43.05 

πC8-C9 π*C10-C11 87.49 87.40 40.00 

πC8-C9 π*C12-C13 79.96 80.34 39.92 

πC10-C11 π*C8-C9 81.93 82.09 44.56 

πC10-C11 π*C12-C13 84.48 84.48 43.68 

πC12-C13 π*C8-C9 85.65 85.69 43.05 
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πC12-C13 π*C10-C11 83.43 83.39 39.71 

E* 1005.88 1006.7 501.84 

Delocalization 
Hydrochloride 

PCM 

πC1-C6 π*C2-C3 85.98 

πC1-C6 π*C4-C5 85.31 

πC2-C3 π*C1-C6 84.56 

πC2-C3 π*C4-C5 88.66 

πC4-C5 π*C1-C6 87.40 

πC4-C5 π*C2-C3 83.01 

πC8-C9 π*C10-C11 85.02 

πC8-C9 π*C12-C13 81.09 

πC10-C11 π*C8-C9 84.10 

πC10-C11 π*C12-C13 85.60 

πC12-C13 π*C8-C9 85.15 

πC12-C13 π*C10-C11 82.09 

E* 1017.97 

C16-N17LP*(1)H43 55.47 

N17-C18LP*(1)H43 55.47 

N17-C20LP*(1)H43 62.32 

ELP* 173.26 

LP(1)N17LP*(1)H43 1483.35 

LP(4)Cl44LP*(1)H43 295.98 

ELPLP* 1779.33 

ETOTAL 2970.56 

aThis work  

These studies show clearly that the high stabilities of free base and hydrochloride species are 

strongly related to the presence of two phenyl ring in their structures. 

NBO studies have demonstrated the high stability of hydrochloride species of cyclizine in 

aqueous solution and the particular polynomial relation found between the total energies for 

these species in solution and their molecular weights. The Bader’s theory is also very 

interesting to investigate the stabilities of different species due to the presence of inter or 

intra-molecular interactions knowing their topological properties [48,49]. Accordingly, in the 

Bond Critical Points (BCPs) and Ring Critical Points (RCPs) the electron density, (r), the 

Laplacian values, 2(r), the eigenvalues (1, 2, 3) of the Hessian matrix and, the |λ1|/λ3 

ratio were computed for the three cyclizine species. In Table 7 are presented the results of 
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those mentioned parameters by using the B3LYP/6-31G* method. First, it is necessary to 

clarify that the interaction is ionic or highly polar covalent when 1/3< 1 and 2(r) > 0 

(closed-shellinter action).  

Table 7. Analysis of the Bond Critical Points (BCPs) and Ring critical point (RCPs) for the 

three species of cyclicinein gas and aqueous solution phases by using the B3LYP/6-31G* 

method.  

B3LYP/6-31G* Method  

Free base  

Gas phase  

Parameter# H24---H30 RCPN RCP1 RCP2 RCP3  

(r) 0.0050 0.0050 0.0201 0.0201 0.0190  

2(r) 0.0194 0.0196 0.1617 0.1617 0.1309  

1 -0.0030 -0.0023 -0.0151 -0.0151 -0.0131  

2 -0.0008 0.0009 0.0852 0.0852 0.0568  

3 0.0233 0.0211 0.0915 0.0915 0.0872  

1/3 0.1288 0.1090 0.1650 0.1650 0.1502  

Distances (Å) 2.448      

Aqueous solution  

Parameter# H24---H30 RCPN RCP1 RCP2 RCP3  

(r) 0.0057 0.0055 0.0200 0.0200 0.0191  

2(r) 0.0222 0.0219 0.1607 0.1607 0.1292  

1 -0.0046 -0.0029 -0.0149 -0.0149 -0.0138  

2 -0.0022 0.0020 0.0843 0.0843 0.0536  

3 0.0291 0.0227 0.0913 0.0913 0.0894  

1/3 0.1581 0.1278 0.1632 0.1632 0.1544  

Distances (Å) 2.363      

Cationic  

Gas phase  

Parameter# H24---H30 RCPN RCP1 RCP2 RCP3  

(r) 0.0058 0.0054 0.0201 0.0201 0.0186  

2(r) 0.0224 0.0219 0.1616 0.1616 0.1228  

1 -0.0047 -0.0025 -0.0151 -0.0151 -0.0126  

2 -0.0026 0.0027 0.0855 0.0855 0.0563  
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3 0.0298 0.0216 0.0912 0.0912 0.0792  

1/3 0.1577 0.1157 0.1656 0.1656 0.1591  

Distances (Å) 2.355      

Hydrochloride  

Aqueous solution  

Parameter# H24---H30 RCPN RCP1 RCP2 RCP3 H43---Cl44 

(r) 0.0061 0.0056 0.0200 0.0200 0.0186 0.0408 

2(r) 0.0236 0.0228 0.1608 0.1608 0.1227 0.0757 

1 -0.0051 -0.0029 -0.0149 -0.0149 -0.0135 -0.0519 

2 -0.0028 0.0027 0.0843 0.0843 0.0531 -0.0518 

3 0.0316 0.0229 0.0913 0.0913 0.0832 0.1795 

1/3 0.1614 0.1266 0.1632 0.1632 0.1623 0.2891 

Distances (Å) 2.329      

Thus, in the three species of cyclizine are observed H24---H30 interactions but, in particular, 

the hydrochloride species in solution has also the ionic H43---Cl44 interaction. The RCPN is 

the new RCP formed due to the H24---H30 interactions while RCP1 and RCP2 are RCP 

corresponding to the phenyl R1 and R2 rings and, RCP3 correspond to piperazine ring. Note 

that the topological properties of H24---H30 interactions present higher values in the 

hydrochloride species probably because the distance is shortest in this species. Other very 

important result is that the characteristic of RCP1 are exactly similar to RCP2, confirming 

that both rings are symmetric. This study clearly supports the high stability of hydrochloride 

species in solution due to the two interactions, H24---H30 and ionic H43---Cl44 interaction. 

Obviously, the ionic interaction is stronger than the other one due to the high 

electronegativity of Cl atom, as revealed by the highest values of their topological properties. 

The molecular graphic for the hydrochloride species with the details of their BCP and RCP 

can be seen in Figure 5. 
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Figure 5. Molecular graphic for the hydrochloride species of cyclizine in solution showing 

the geometry of all their BCPs and RCPs by using the B3LYP/6-31G* method. 

3.5. Frontier orbitals and global descriptors studies 

Previous studies on some alkaloids have evidenced that the presence of N-CH3 groups linked 

to two fused piperidine and pyrrolidine rings, such as in scopolamine, cocaine and tropane 

alkaloids produces changes in some of their properties including in their reactivities [1-7], 

where tropane is the less reactive species while cocaine present the higher reactivity, as 

compared with scopolamine, cocaine, heroin, morphine and tropane. Hence, the frontier 

orbitals [32,33] for the free base, cationic and hydrochloride species of cyclizine species and 

some descriptors [34-42]were also calculated by using the hybrid B3LYP/6-31G* level of 

theory and compared with the values reported for those mentioned alkaloids [1-7]. Thus, the 

HOMO, LUMO and energy band gap can be seen in Table 8 while the chemical potential (μ), 

electronegativity (χ), global hardness (η), global softness (S), global electrophilicity index 

(ω) and global nucleophilicity index (() descriptors [34-42]are presented in Table 9. 
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Table 8. Frontier molecular HOMO and LUMO orbitals and gap values for the three 

cyclizine species compared with alkaloid species in gas and aqueous solution phases by using 

the B3LYP/6-31G* level of theory. 

Free base/Gas phase 

Orbital Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

HOMO -5.765 -5.749 -5.567 -5.9267 -5.4945 -5.7057 

LUMO -0.3646 -0.0927 0.0374 -1.0687 2.0561 -0.3111 

GAP 5.4004 5.6563 5.6044 4.8580 7.5506 5.3946 

Free base /Aqueous solution 

Orbital Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

HOMO -5.8338 -5.7471 -5.3367 -6.0125 -5.6725 -5.8388 

LUMO -0.358 -0.1057 0.1383 -1.0638 1.9886 -0.3321 

GAP 5.4758 5.6414 5.475 4.9487 7.6611 5.5067 

Cationic/Gas phase  

Orbital Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

HOMO -8.8482 -8.7639 -8.5413 -9.3162 -12.9365 -8.8187 

LUMO -3.2126 -3.3371 -3.3524 -3.8694 -3.377 -3.2364 

GAP 5.6356 5.4268 5.1889 5.4468 9.5595 5.5823 

Hydrochloride/Aqueous solution 

Orbital Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

HOMO -5.0022 -5.1808 -5.1973 -4.9833 -4.9043 -4.9421 

LUMO 0.4004 -0.7339 -0.6133 -1.302 1.0076 -0.7262 

GAP 5.4026 4.4469 4.584 3.6813 5.9119 4.2159 

#Hydrobromide, aThis work, bFrom Ref [7] 

Obviously, the optimized cationic and hydrochloride species in solution and in gas phase 

respectively were not considered in this study due to their imaginary frequencies. 
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Table 9. Chemical potential (μ), electronegativity (χ), global hardness (η), global softness (S) 

and global electrophilicity(ω) and nucleophilicity (E) indexes descriptors for hydrochloride 

cyclizine and alkaloid species in gas and aqueous solution phases by using the B3LYP/6-

31G* level of theory. 

Free base/Gas phasea 

Descriptor Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

 -2.462 -2.6512 -2.7209 -2.2541 -3.4123 -2.6973 

 -2.9289 -3.2329 -3.1709 -3.4397 -2.1787 -3.0084 

 2.462 2.6512 2.7209 2.2541 3.4123 2.6973 

S 0.2031 0.1886 0.1838 0.2218 0.1465 0.1854 

 1.7421 1.9711 1.8476 2.6244 0.6955 1.6777 

 -7.2107 -8.5711 -8.6274 -7.7534 -7.4343 -8.1146 

Free base /Aqueous solutiona 

Descriptor Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

 -2.7013 -2.2235 -2.292 -1.8407 -2.956 -2.7534 

 -2.3009 -2.9574 -2.9053 -3.1427 -1.9483 -3.0855 

 2.7013 2.2235 2.292 1.8407 2.956 2.7534 

S 0.1851 0.2249 0.2182 0.2716 0.1691 0.1816 

 0.9799 1.9667 1.8414 2.6828 0.6421 1.7288 

 -6.2154 -6.5755 -6.6589 -5.7845 -5.7592 -8.4953 

Cationic/Gas phasea 

Descriptor Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

 -2.8178 -2.7134 -2.5945 -2.7234 -4.7798 -2.7912 

 -6.0304 -6.0505 -5.9469 -6.5928 -8.1567 -6.0276 

 2.8178 2.7134 2.5945 2.7234 4.7798 2.7912 

S 0.1774 0.1843 0.1927 0.1836 0.1046 0.1791 

 6.4529 6.7459 6.8155 7.9799 6.9598 6.5083 

 -16.9925 -16.4174 -15.4288 -17.9548 -38.9872 -16.8238 

Hydrochloride/Aqueous solutiona 

Descriptor Scopolamine#.b Heroinb Morphineb Cocaineb Tropaneb cyclizinea 

 -2.7013 -2.2235 -2.292 -1.8407 -2.956 -2.1080 

 -2.3009 -2.9574 -2.9053 -3.1427 -1.9483 -2.8342 

 2.7013 2.2235 2.292 1.8407 2.956 2.1080 

S 0.1851 0.2249 0.2182 0.2716 0.1691 0.2372 

 0.9799 1.9667 1.8414 2.6828 0.6421 1.9053 

 -6.2154 -6.5755 -6.6589 -5.7845 -5.7592 -5.9742 
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#Hydrobromide, aThis work, bFrom Ref [7] 

 = - [E(LUMO)- E(HOMO)]/2 ;  = [E(LUMO) + E(HOMO)]/2;  = [E(LUMO) - E(HOMO)]/2; 

S = ½;  = 2/2;  

Figure 6 shows clearly the differences among the cyclizine species in the two studied media 

with the alkaloids values. 

 

Figure 6. Calculated gap values of free base, cationic and hydrochloride species of cyclizine 

compared with the corresponding to other alkaloids in both media by using the B3LYP/6-

31G* method. 

Note first the proximities in the gap values for all species of scopolamine while the free bases 

of all species have the same behaviours in both media (lines red and blue colours). The 

tropane species are evidently the less reactive while the hydrochloride species of cocaine is 

the most reactive in solution together with the cyclizine species. Here, the 

hydrochloride/hydrobromide species evidence clearly the higher reactivities in solution and, 

for these reasons; the hydrochloride or hydrobromide species are highly used as a drug in 

pharmacology due to their quick assimilations. Analyzing the electrophilicity and 

nucleophilicity indexes because they show the higher changes, from Table 9 we observed 

that the free base of cocaine in gas phase presents the higher value while the same species of 

morphine the most negative  index. In solution, the free base of cocaine shows the higher ω 

index while the cyclizine species has the higher  index. The cationic species of cocaine in 
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gas phase has the higher ω index while the tropane species the highest  index (-38.9872 eV). 

Probably, the low reactivity of tropane is associated to its high  index value as a 

consequence of their two fused piperidine and pyrrolidine rings and, also to the absence of 

other atoms or groups in its structure. In relation to the hydrochloride species in solution, the 

cocaine species has the higher ω index while the morphine species the highest  index (-

6.6589 eV). 

3.6. Vibrational analyses 

The three cyclizine species in both media were optimized with C1symmetries by using the 

hybrid B3LYP/6-31G* method. The numbers of vibration normal modes expected for the 

free base, cationic and hydrochloride speciesare 120, 123 and 126 respectively and, all 

vibration modes present activities in the infrared and Raman spectra. In this analysis, the 

experimental infrared, ATR and Raman spectra for the hydrochloride species of cyclizine 

were taken from those available in the literature [29-31]. Both spectra were compared with 

the corresponding predicted by calculations for those three species in Figures 7 and 8. The 

predicted IR and Raman spectra for the three species show reasonable concordance with the 

corresponding experimental ones. 

 

Figure 7. Experimental infrared spectrum of hydrochloride cyclizine species[29] compared 

with the corresponding predicted for the free base, cationic and hydrochloride species by 

using B3LYP/6-31G* level of theory. 
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Figure 8. Experimental Raman spectrum of hydrocloride cyclizine species[31] compared 

with the corresponding predicted for the free base, cationic and hydrochloride species by 

using B3LYP/6-31G* level of theory. 

In particular, when the predicted Raman spectra in activities are converted to intensities by 

using known equations, as suggested in the literature [50,51]. Here, the intense IR bands 

observed from 1600 to 400 cm-1 can be easily associated to the cationic species because in 

the IR spectrum predicted for the free base these bands are observed with lower intensities. 

Here, the SQMFF approach, normal internal coordinates for the three cyclizine species and 

typical scale factors were used together with the Molvib program in order to obtain the 

harmonic force fields [26-28]. Then, the vibrational assignments of the spectra were 

performed considering PED contributions  10 % and in some cases 7% due to strong 

coupling among some vibration modes. Observed and calculated wavenumbers for the free 

base, cationic and hydrochloride species of cyclizine in gas phase and in aqueous solution are 

detailed in Table 10 together with their corresponding assignments. Some assignments are 

discussed briefly below. 

3.6.1. Band Assignments 

3.6.1.1. NH modes. In the experimental IR spectra of hydrochloride cyclizine, the strong and 

broad band at 2316 cm-1, and at 2312 cm-1 in the ATR spectrum is clearly associated to N17-

H43 stretching modes because it was predicted by SQM calculations at 2697 cm-1due to that 
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this group is linked to H43---Cl44 halogen bonds (cyclizine monocation and chloride anion), 

as was experimentally observed by Bertolasi et al. [11]. In hydrochloride species of 

scopolamine, heroin, morphine, cocaine and tropane alkaloids these N-H stretching modes 

were predicted by SQM/B3LYP/6-31G* calculations respectively at 1882, 1746, 1776, 2089 

and 1760 cm-1 [1-3,5-7], in the antihypertensive tolazoline and clonidine agents at 2478 and 

1711 cm-1 [1-3,5-7] while in the antihistaminic diphenhydramine agent that mode was 

predicted at 1748 cm-1 [8]. In the cationic species of cyclizine this vibration modes is 

predicted by SQM calculations at 3263 cm-1 while in species of scopolamine, heroin, 

morphine, cocaine and tropane alkaloids these N-H stretching modes were predicted by SQM 

calculations respectively at 3300, 3268, 3270, 2989 and 3280 cm-1 [1-3,5-7], in the 

antihypertensive tolazoline and clonidine agents at 3312 and 2584 cm-1 [1-3,5-7] while in the 

antihistaminic diphenhydramine agent that mode was predicted at 3150 cm-1 [8]. Hence, the 

weak Raman band at 3087 cm-1 can be assigned to that mode for the cationic cyclizine 

species while the strong ATR band in the hydrochloride spectrum at 2312 cm-1 is assigned to 

the N-H stretching modes. The N atoms of both cationic and hydrochloride species of 

cyclizine, as in alkaloids, have sp3 hybridizations for which the normal internal coordinates 

corresponding to N-H groups are different from those species containing the N atom with sp2 

hybridization [35,37,54-57] because in this latter case the group N-H is planar. Hence, only 

the rocking modes are expected for both species between 1483 and 1402 cm-1 while the in-

plane deformation modes are not observed in these two species. 
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Table 10. Observed and calculated wavenumbers (cm-1) and assignments for the three 

species of cyclizine in gas and in aqueous solution phases.  

Experimental 

B3LYP/6-31G* Methoda 

Free base Cationic Hydrochloride 

GAS PCM GAS PCM 

IRc ATRd Ramane SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa 

  3087w 3083 C5-H24 3090 C5-H24 3263 νN17-H43 3095 C13-H30 

   3079 C13-H30 3085 
C13-H30 

C5-H24 
3086 C1-H21 3090 C5-H24 

   3073 C11-H28 3081 
C1-H21 

C11-H28 
3086 C11-H28 3082 C11-H28 

     3078 C13-H30 3077 C13-H30 3081 C1-H21 

     3070 C2-H22 3075 C2-H22 3071 C10-H27 

   3072 C1-H21 3069 C10-H27 3071 C10-H27 3070 C2-H22 

     3062 C12-H29 3068 
C11-H28 

C1-H21 
3064 aCH3 

  3062w 3061 C10-H27 3061 C6-H25 3065 aCH3 3064 aCH3 

     3055 C9-H26 3061 
C12-H29 

C6-H25 
3063 C12-H29 

3054w 3053w 3056mw 3060 C2-H22 3055 C3-H23 3061 aCH3 3062 C6-H25 

   3051 C6-H25   3057 C5-H24 3056 C3-H23 

3049w   3050 C12-H29   3050 C3-H23 3056 C9-H26 

  3044w 3043 C3-H23   3048 C9-H26 3037 aCH2(C18) 

   3042 C9-H26   3036 aCH2(C16) 3036 aCH2(C16) 

 3026w 3033w     3035 aCH2(C18) 3010 aCH2(C15) 

 3013w 3012w     3010 aCH2(C15) 3010 aCH2(C19) 

 3002w 3005w 2998 aCH2(C19) 3002 aCH3 3010 aCH2(C19) 2984 sCH2(C16) 

2975w 2981w 2996w 2998 aCH2(C15) 2993 aCH2(C19) 2978 sCH2(C18) 2979 sCH2(C18) 

  2977s 2987 aCH3 2992 aCH2(C15) 2975 sCH2(C16) 2973 sCH3 

2954sh 2968w 2964w 2947 aCH2(C18) 2963 aCH2(C16) 2969 sCH3   

 2945m 2956w 2942 aCH2(C16) 2961 aCH2(C18)     

 2913w  2942 aCH3 2960 aCH3 2835 C7-H31 2857 sCH2(C15) 

2830m 2887w 2847w 2827 sCH2(C15) 2840 sCH3   2854 sCH2(C19) 

  2830w 2819 sCH2(C19) 2835 sCH2(C15)   2845 C7-H31 

   2815 sCH3 2834 C7-H31     

2805w 2807m  2801 sCH2(C16) 2832 sCH2(C19) 2801 sCH2(C15)   

  2819sh   2824 sCH2(C18)     

  2787w 2796 sCH2(C18) 2819 sCH2(C16)     

2549w 2766w 2744w 2792 C7-H31   2793 sCH2(C19)   

 2530w 2680vw         

2316vs 2312vs        2697 νN17-H43 

 2288vs          

1608w 1607w 1605s 1610 C12-C13 1604 C12-C13 1608 C2-C3 1605 C12-C13 

1608w 1607w 1605s 1605 
C5-C6 

C2-C3 
1600 

C5-C6 

C2-C3 

C9-C10 

1604 
C5-C6 

C12-C13 
1600 

C5-C6 

C2-C3 

  1585m 1592 C10-C11 1587 C1-C2 1592 
C1-C2 

C8-C13 
1587 C1-C2 

1542w 1534w  1589 
C1-C2 

C8-C9 
1585 C10-C11 1589 

C10-C11 

C4-C5 
1586 C3-C4 

1503m 1503m 1498w 1498 C12-H29 1495 C6-H25 1498 C12-H29 1497 C6-H25 

 1483m  1494 
C6-H25 

C10-H27 
1492 C9-H26 1495 

C6-H25 

C9-H26 
1495 C12-H29 

1480m   1477 δCH2(C16) 1477 
δCH2(C18)  

δCH2(C16) 
  1483 ’N17-H43 

   1472 δaCH3 1467 δCH2(C15) 1468 
δCH2(C15) 

δCH2(C19) 
1468 N17-H43 
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  1462w 1470 δCH2(C15) 1464 
δCH2(C16)  

δCH2(C18) 
1463 δaCH3   

1455s 1456s  1457 C11-H28 1459 δaCH3 1461 δaCH3 1461 δCH2(C15) 

   1457 C1-H21 1457 δCH2(C19) 1460 
C1-H21 

C11-H28 
1455 

C1-H21 

C11-H28 

   1450 δCH2(C19) 1455 
C11-H28 

C1-H21 
1460 

δCH2(C18) 

δCH2(C16) 
1452 δCH2(C18) 

1448sh 1449sh 1446sh 1449 δaCH3 1454 
C1-H21 

C11-H28 
1454 

δCH2(C15) 

δCH2(C19) 
1447 δCH2(C16) 

  1433w 1445 δCH2(C18) 1441 δaCH3 1446 
δCH2(C19) 

δCH2(C15) 
1439 δaCH3 

 1420w 1428w 1425 wagCH2(C16) 1431 
δaCH3  

wagCH2(C15) 
1433 

δCH2(C16) 

δCH2(C18) 
1438 δCH2(C19) 

1418w 1407w 1411w 1418 wagCH2(C15) 1423 wagCH2(C15) 1429 wagCH2(C15) 1436 δaCH3 

       1422 δsCH3 1424 wagCH2(C15) 

         1424 
δCH2(C16)  

δCH2(C18) 

1402w 1388w  1398 δsCH3 1403 δsCH3 1403 
δsCH3 

’N17-H43 
1416 

δsCH3 

wagCH2(C18) 

   1392 
wagCH2(C19)  

wagCH2(C15) 
1397 wagCH2(C16) 1402 N17-H43 1402 

wagCH2(C18) 

wagCH2(C16) 

1382w  1372w 1366 
wagCH2(C19)  

wagCH2(C18) 
1374 

wagCH2(C19) 

wagCH2(C18) 
1383 wagCH2(C19) 1395 δsCH3 

1363sh 1361w    1367 ’C7-H31 1369 wagCH2(C16) 1373 wagCH2(C19) 

1356w 1352sh 1352sh   1365 C7-H31 1362 C7-H31 1369 ’C7-H31 

1348w  1340w 1354 C7-H31   1360 wagCH2(C18) 1365 C7-H31 

   1353 ’C7-H31   1355 ’C7-H31   

 1328w 1323w 1325 
C13-H30 

C5-H24 
1325 

C13-H30 

C5-H24 

C9-H26 

1326 C13-H30 1328 
C13-H30 

C5-H24 

           

1318w   1319 ρCH2(C16) 1316 C3-H23 1319 C3-H23 1320 C5-H24 

  1316sh 1317 C3-H23 1316 
ρCH2(C16) 

ρCH2(C18) 
1315 

ρCH2(C16) 

ρCH2(C18) 
1320 ρCH2(C16) 

 1299w  1300 
ρCH2(C15)  

ρCH2(C19) 
1300 ρCH2(C15) 1295 

C3-C4 

C8-C9 
1297 

ρCH2(C19)  

ρCH2(C15) 

1288w 1290m 1292w 1292 

C8-C13 

C3-C4 

C4-C5 

1292 
C8-C13 

C3-C4C8-C9 
1284 ρCH2(C15) 1286 C8-C13 

1278w 1280sh 1273w 1275 
ρCH2(C19) 

ρCH2(C15) 
1277 ρCH2(C19) 1282 ρCH2(C19) 1285 

ρCH2(C19) 

ρCH2(C15) 

1272w 1263sh 1266sh 1269 C7-H31 1264 C4-C5 1253 ρCH2(C19) 1256 C4-C5 

1218vw  1220sh 1222 ρCH2(C18) 1223 
ρCH2(C18) 

ρCH2(C16) 
  1213 ρCH2(C18) 

1209vw 1197m 1209w 1203 
ρCH2(C15) 

ρCH2(C19) 
1204 ρCH2(C15) 1200 

ρ'CH3 

N14-C19 
  

1185m 1189m 1192s 1180 C2-H22 1181 
C7-C8 

C4-C7 
1183 

C2-H22 

C10-H27 
1182 

C7-C8C4-C7 

C8-C9 

1179sh  1183s 1178 
C7-C8 

C4-C7 
1177 C3-H23 1182 

C7-C 

8C4-C7 
1180 

C3-H23 

C9-H26 

1173sh 1174w 1176sh 1173 
C3-H23 

C9-H26 
1172 C4-C7C7-C8 1176 

C3-H23 

C9-H26 
1175 

C6-H25 

C12-H29 

1173sh 1174w 1176sh 1172 
C4-C7 

C7-C8 
1170 

C10-H27 

C2-H22 
1170 

C7-C 

C4-C7 
1173 ρ'CH3 

1161w   1160 N17-C20 1158 ρCH3 1164 C1-H21 1172 
C4-C7 

C7-C8 

1152vw 1154m 1157m 1159 
N17-C20 

C11-H28 
1151 C11-H28 1163 

C11-H28 

C12-H29 

C6-H25 

1155 ρCH3 

1152vw 1154m 1157m 1158 
C1-H21 

C11-H28 
1150 

C1-H21 

C6-H25 

C12-H29 

1160 
ρCH2(C16) 

ρCH2(C18) 
1151 

C11-H28 

C10-H27 

C2-H22 

       1152 ρCH3 1150 C1-H21 

1142m 1140m  1136 ρCH3 1136 N17-C20 1130 

ρ'CH3 

N14-C19 

N14-C15 

  

1127m 1125w 1124w 1127 N14-C15 1122 
N14-C19 

N14-C15 
  1123 

N14-C15 

N14-C19 
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1111w  1108w 1112 N14-C7 1100 N14-C7 1102 N14-C7 1105 N14-C7 

1085m 1099m 1081sh 1077 C2-C3 1072 N14-C7 1075 N14-C7 1076 
R1(A3) 

N17-C20 

1076sh 1071w 1072m 1070 C9-C10 1069 
C15-C16 

C18-C19 
1073 C9-C10 1074 C9-C10 

1057w 1050sh 1065sh 1061 
ρ'CH3 

C18-C19 
1067 ρ'CH3     

1036sh 1044m 1053w 1037 
R1(A3) 

wCH2(C19) 
1045 wCH2(C15) 1035 N17-C20 1049 N17-C20 

1030m 1033sh 1035m 1026 C11-C12 1024 C6-C1 1025 
R1(A1)  

R1(A2) 
1035 

C18-C19 

C15-C16 

1017w  1025sh 1025 C6-C1 1022 
R1(A2) 

C11-C12 
1024 

C11-C12 

C6-C1 
1028 ρCH3R1(A3) 

1002w 1002s 1002vs 1002 R1(A2) 1004 
wCH2(C15)  

wCH2(C19) 
1012 C11-H28 1023 

R1(A1) 

R1(A2) 

1002w 1002s 1002vs 1002 R1(A1) 1004 N14-C7 1011 
C1-H21 

C2-H22 
1023 

C11-C12 

C6-C1 

C10-C11 

1002w 1002s 1002vs     1011 ρCH3R1(A3) 1005 C6-H25 

1002w 1002s 1002vs 997 
R1(A1)  

R1(A2) 
997 C12-H29 1007 

C15-C16 

C18-C19 
999 R1(A1) 

1002w 1002s 1002vs   996 R1(A1) 1000 R1(A1) 998 R1(A2) 

 991sh 990sh 993 C15-C16 995 
C1-H21 

C11-H28 
998 R1(A2) 998 C11-H28 

986s 991sh 990sh 987 
C6-H25 

C12-H29 
993 R1(A2) 978 

C12-H29 

C10-H27 
991 

N14-C7 

N17-C20 

982sh 991sh 990sh 985 
C11-H28 

C1-H21 
976 

C10-H27 

C2-H22 
972 C6-H25 981 

C2-H22 

C10-H27 

  977w 977 R1(A3) 975 
R1(A3)  

N14-C7 
970 

N17-C20 

N14-C7 
971 C13-H30 

951vw 959w  964 C2-H22 968 C6-H25 942 
C9-H26 

C3-H23 
965 

wCH2(C15) 

wCH2(C19) 

N17-C16 

942m 955sh  956 C10-H27   940 
wCH2(C15) 

wCH2(C19) 
945 C3-H23 

935sh 938w 935w 929 C3-H23 934 C3-H23 928 
C9-H26 

C5-H24 
935 C3-H23 

920w   921 wCH2(C16) 926 C9-H26 925 N17-C20 926 C5-H24 

913sh   910 C9-H26 913 C9-H26     

 874m      887 
N17-C18 

N17-C16 
898 wCH2(C18) 

854w 859w 859w 855 
C6-H25 

C12-H29 
859 C9-H26 863 C3-H23 863 

C12-H29 

C9-H26 

  849w 847 
C5-H24 

C13-H30 
852 

C5-H24 

C13-H30 
853 C13-H30 856 C3-H23 

   842 
C7-C8 

C4-C7 
847 C7-C8 845 C7-C8 845 

C7-C8 

C4-C7 

837w  832s 836 C4C7C8 837 C4C7C8 836 C4C7C8 838 
N14-C19 

N14-C15 

826vw   833 

C4C7N14 

C8C7N14 

N14-C19 

834 C4C7N14 824 
C4C7N14 

C8C7N14 
832 

C4C7N14 

C8C7N14 

805vw 815w 790s 800 

wCH2(C15) 

wCH2(C19) 

wCH2(C18) 

807 

wCH2(C19)  

wCH2(C15)  

wCH2(C18)  

wCH2(C16) 

766 
wCH2(C18) 

wCH2(C16) 
778 wCH2(C16) 

792w 777s  767 
N17-C18 

N17-C16 
772 

N17-C18 

N17-C16 
761 R1(A2) 768 N17-C18 

755s  752w 755 
R1(A2) 

R1(A1) 
757 

R1(A2)  

R1(A1) 
757 

R1(A1)  

R1(A2) 
753 C1-H21 

 738vs  749 
R1(A1)  

R1(A2) 
751 

R1(A1)  

R1(A2) 
743 

N17-C18 

N17-C16 
753 R1(A2) 

715vs 727s 707vw 706 R1(A2) 706 
R1(A2)  

R1(A1) 
708 

R1(A1)  

R1(A2) 
710 R1(A2) 

700m 681w  690 R1(A1) 692 R1(A1) 692 R1(A2) 695 R1(A1) 

700m 681w    670 R1(A3)     

656w 658m 655m 654 R3(A1) 644 
R3(A2)  

R3(A1) 
651 R1(A1) 660 R1(A3) 
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 639w  634 R3(A2)   631 R2(A2) 638 R3(A2) 

 636w  632 R3(A1) 631 
R3(A2)  

R3(A1) 
631 

R3(A2)  

R3(A1) 
631 R3(A1) 

 628w 629m 621 R2(A1) 627 
R2(A1)  

R2(A2) 
  626 R2(A1) 

  613sh 618 R2(A2) 618 
R2(A1) 

R2(A2) 
618 R2(A1) 618 R2(A2) 

  607m     608 R1(A3)   

 568m 569w   551 R1(A2)     

 528m 536m 544 
R1(A1)  

R1(A2) 
531 R2(A3) 532 

R1(A1) 

R1(A2) 
542 

R1(A2)  

R1(A1) 

 502m 496m 500 R2(A3)   491 R2(A3) 505 R2(A3) 

 473m 469s 473 R2(A2) 477 
R2(A1)  

R2(A2) 
471 

R2(A2)  

C4-C7 
477 

R2(A2)  

R2(A1) 

 473m 469s 464 
R1(A3)  

R2(A1) 
476 

R1(A3)  

N14-C7 
461 R1(A3) 468 

R1(A3)  

C16N17C20 

 437w 441m 422 
R1(A3) 

R3(A3) 
437 

R1(A3)  

R3(A3) 
436 R3(A3) 446 R3(A3) 

  407w 408 R3(A1) 409 R3(A2)     

  407w 402 R3(A2) 403 R3(A1) 406 R3(A1) 414 R3(A1) 

     394 
R2(A3) 

N14-C7 
399 R3(A2) 406 R3(A2) 

  369w 379 N17-C20 380 N17-C20 397 N14-C7 398 N14-C7 

  364sh 354 N17-C20 346 R3(A3) 365 C16N17C20 367 
C16N17C20 

C18N17C20 

  307w 313 
R3(A3)  

N17-C20 
      

     293 
N17-C20 

N14-C7 
303 C18N17C20 304 R3(A3) 

  285sh   292 
C8-C7 

C4-C7 
270 

R3(A3)  

C4-C7 

C8-C7 

286 R1(A3) 

  271vs 274 

R3(A3) 

C4-C7 

C8-C7 

263 R2(A1) 267 R2(A1) 277 

R3(A3)  

C4-C7 

C8-C7 

  251s 266 R2(A1) 259 wCH3   267 
R2(A1)  

R2(A2) 

   246 
R3(A3)  

N14-C7 
243 N14-C7 243 

N14-C7 

R3(A3) 
243 

R3(A3)  

C4-C7 

  239sh 236 
wCH3 

R3(A3) 
239 

N14-C7 

N14-C7 
237 

R1(A3)  

N14-C7 
239 

N14-C7 

R3(A3) 

  230sh 236 N14-C7   230 R3(A3)   

  219sh 222 wCH3   204 wCH3 219 wCH3 

  204s 196 
R2(A2) 

R2(A1) 
200 R2(A2) 192 

R3(A3) 

R2(A2) 
199 N14-C7 

  176w       161 νH43-Cl44 

  146w 143 R2(A3) 149 R2(A3) 139 R2(A3)   

     87 
R2(A3) 

 N14-C7 
  148 

R2(A3) 

N17H43Cl44 

     81 C8C7N14   92 N17H43Cl44 

   76 
wN14-C7 

C8-C7 
  75 

wN14-C7 

C8-C7 
76 C4-C7 

   74 
C4-C7 

C8-C7 
66 C4-C7 74 C4-C7 74 

C4-C7 

N17-H43 

     65 
wN14-C7 

C4-C7 
  64 N17-H43 

   55 N14-C7   50 
R2(A3) 

N14-C7 
50 

C4C7C8 

C4-C7 

C8-C7 

   52 C4-C7 43 C8-C7 49 N14-C7 41 C8-C7 

       46 C4C7C8 37 R2(A3) 

   13 
C8-C7 

C4-C7 
22 C8-C7 13 C8-C7 23 wN14-C7 
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Abbreviations: , stretching;  deformation in the plane;  deformation out of plane; wag. 

wagging; torsion; R. deformation ring R. torsion ring; . rocking; w. twisting; . 

deformation; a. antisymmetric; s. symmetric; (A1). Ring 1; aThis work, bFrom scaled 

quantum mechanics force field, cFrom Ref [29], dFrom Ref [30], eFrom Ref [31]. 

3.6.1.2. CH modes. The aromatic C-H modes belonging to the two phenyl rings are 

predicted by SQM calculations in the three species of cyclizine between 3095 and 3042 cm-

1while the only aliphatic C-H stretching modes are predicted in different regions in the three 

species of cyclizine. Thus, in the free base, cationic and hydrochloride species these modes 

are predicted at 2792, 2834 and 2845 cm-1, respectively and, for these reasons, they were 

assigned accordingly, as mentioned in Table 10.The aromatic C-H in-plane and out-of-plane 

deformation modes are assigned to the IR and Raman bands between 1498/1150 and 

1012/847 cm-1while the aliphatic C-H rocking modes for the three species are assigned 

between 1369 and 1353cm-1, as detailed in Table 10. 

3.6.1.3. CH3 modes. In the three cyclizine species there is only one CH3 group for which 

nine vibration normal modes are expected for each species. The two expected antisymmetric 

stretching modes are predicted in the free base, cationic and hydrochloride species at 

2987/2942, 3002/2960 and 3064 cm-1 while the corresponding symmetric ones at 2815, 2840 

and 2973 cm-1, respectively. In cocaine species, these modes were assigned between 3056 

and 2845 cm-1 [3] while in tropane species between 3098 and 2966 cm-1[2]. Note that in the 

free base species these modes are predicted at lower wavenumbers than the other ones and 

that the strong Raman band at 2977cm-1 is clearly assigned to symmetric modes. The 

antisymmetric and symmetric deformation modes in tropane and cocaine species [2,3] are 

predicted between 1478/1400 and 1474/1409 cm-1and, for this reason, these modes in the 

three cyclizine species are clearly assigned between 1472 and 1398 cm-1, as observed in 

Table 10.In the cocaine and tropane species the rocking modes were predicted respectively 

between 1194/1134 and 1183/1128 cm-1 while the twisting modes were assigned between 

191/117 and 205/151 cm-1[2,3]. Hence, in the three cyclizine species rocking and twisting 

modes were assigned between 1200/1011 and 259/204 cm-1, as predicted by SQM 

calculations.  

3.6.1.4. CH2 modes. Each cyclizine species has four CH2 groups that belong to the 

piperazine ring, for which, a total of twenty four vibration modes are expected for each 

species. The antisymmetric and symmetric stretching modes in cocaine and tropanespecies 
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were assigned between 3009/2938 and 3024/2911 cm-1[2,3] while these modes in the three 

cyclizine species were predicted by SQM calculations between 3037 and 2793 cm-1, as can 

be seen in Table 10. Hence, the IR and Raman bands observed in that region are associated to 

those vibration modes. The deformation, wagging, rocking and twisting modes expected for 

these groups were predicted in cocaine species at 1483/1449, 1382/1242, 1230/1167 and 

933/744 cm-1 while in the tropane species, these modes were assigned respectively at 

1485/1442, 1385/1274, 1274/1142 and 967/639 cm-1. In similar compounds these modes 

were assigned in approximately the same regions [34-39,41,42,54,55-57]. Hence, in the three 

cyclizine species the deformation, wagging, rocking and twisting modes are attributed to the 

IR and Raman bands observed at 1477/1438, 1433/1360, 1319/1203 and 1037/766, 

respectively as indicated in Table 10.  

3.6.1.5. Skeletal modes. The N-CH3 stretching modes in the cyclicine species (N17-C20) are 

predicted in different regions, thus, in the free base in gas phase that mode is predicted at 

1160 cm-1 while in solution is observed at 1136 cm-1 due to the hydration, in the cationic and 

hydrochloride species are predicted at 1035 and 1049 cm-1, respectively. In the free base, 

cationic and hydrochloride species of cocaine those stretching modes were predicted 

respectively at 1113, 1058 and 1052 cm-1 while in the tropane species these modes are 

predicted at 1128, 1086 and 1031 cm-1[2,3]. Hence, in the cyclizine species these modes are 

quickly associated to the IR and Raman bands observed in those regions. The IR and Raman 

bands observed with different intensities between 1608 and 1534 cm-1 are clearly associated 

to the C=C stretching modes of two phenyl rings while the other C-N stretching modes 

related to the piperazine rings (N14-C7, N14-C15, N14-C19, N17-C16, N17-C18) are 

predicted in the three species in different regions, as observed in Table 10. Thus, the strong 

Raman bands at 1605, 1192, 1002, 832 and 790 cm-1 are associated to C-C and C-N 

stretching modes of those three species of cyclizine. In the same way, the strong ATR bands 

at 1002, 777 and 738 cm-1 are also related to those vibration modes of three cyclizine 

species.On the other hand, three deformations and three torsions rings are expected for each 

phenyl ring (A1 and A2) and for the piperazine rings (A3).These vibration modes were 

predicted strongly coupled in the three species of cyclizine and, for these reasons, some IR, 

ATR and Raman bands observed with different intensities from 752 up to 146 cm-1 were 

assigned to more than one vibration mode. All these vibration modes together with the 

remain modes [1-3,5-8,34-42,52-57] were assigned taking into account the SQM calculations 

and the assignments reported for similar compounds, as was descript in Table 10. 
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4. Force constants 

The harmonic force constants for the free base, cationic and hydrochloride species of 

cyclizine were computed from the corresponding harmonic force fields by using the SQMFF 

methodology [26,27] and the Molvib program [28] at the B3LYP/6-31G* level of 

theory.Table 11 shows the most important force constants for those three species of cyclizine 

in different media. Analyzing these values in exhaustive form, we observed that the cationic 

species presents a f(N-H)force constant higher than the hydrochloride species in solution, as 

was also observed between these two species of scopolamine, heroin, morphine, cocaine, 

tropane alkaloids [1-3,5-8]. 

Table 11. Scaled internal force constants for the free base, cationic and hydrochloride 

cyclizine species in gas and aqueous solution phases by using the B3LYP/6-31G* method. 

Force 

constant 

Cyclizinea 

Free base Cationic Hydrochloride 

Gas PCM Gas PCM 

f(N-H)   5.91 4.61 

f(N-CH3) 4.85 4.69 4.06 4.33 

f(C-N) 4.54 4.45 4.13 4.19 

f(CH2) 4.62 4.65 4.82 4.87 

f(CH3) 4.69 4.76 5.06 5.07 

f(C-H)R 5.15 5.17 5.17 5.18 

f(C-H) 4.31 4.44 4.44 4.74 

f(C-C) 6.50 6.46 6.50 6.46 

f(CH2) 0.74 0.75 0.73 0.73 

f(CH3) 0.58 0.57 0.56 0.55 

Units are mdyn Å-1 for stretching and mdyn Å rad-2 for angle deformations 

aThis work  

These results can be justified by the shorter N-H distances predicted in all cases due to their 

positive charges. On the contrary, the f(N-CH3)constants present higher values in the free 

base in both media, as expected because the presences of H atoms forming N-H bonds in the 
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cationic and hydrochloride species generate a enlargement of N-CH3 bonds diminishing their 

corresponding force constants. In the same way, the higher N-CH3 distances in the cationic 

and hydrochloride species could also justify their low f(C-N)constants values, as compared 

with the values observed for the free base species in both media. On the other hand, the slight 

increase in the f(CH3)force constants values of the cationic and hydrochloride species could 

be related to the high negative charges values observed on the C20 atoms belonging to CH3 

groups in those two species, as was previously analyzed in section 3.3. Finally, the f(C-

H)force constant of hydrochloride species presents a slight higher value in the hydrochloride 

species probably due to the presence of strong electronegativity of Cl atom that notably 

stabilize this species by different delocalization, as supported by NBO studies.  

5. Electronic spectrum 

The electronic spectra of cyclizine species are of great interest in pharmaceutical chemistry 

because the hydrochloride species is usually used in the preparation of pharmaceutical 

formulation and biological fluids, as mentioned by Bohlokoand Al-Shaalan[14,17]. Here, for 

the free base and hydrochloride species of cyclizine were predicted the ultraviolet-visible 

spectra in aqueous solution by using the B3LYP/6-31G* method while the B3LYP/6-31+G* 

method support clearly the existence of cationic species in solution. The experimental 

spectrum of hydrochloride cyclizine [12] shows two bands, a strong at 229.3 nm and other of 

lower intensity at 230 nm while the predicted spectra of free base, cationic hydrochloride 

species in solution present a strong band at229.3 nm,245.2 nm and 324 nm, respectively. 

Obviously, the most intense band could be attributed to the* transitions due to the 

presence of C=C double bonds of both phenyl rings, as reported for similar species 

containing C=C bonds [58,59] while the weakest band could be associated to nn* 

transitions that are also predicted by NBO calculations for hydrochloride species in solution.  

5. CONCLUSIONS 

In the present work, the theoretical structures of free base, cationic and hydrochloride species 

of cyclizine have been determined in gas phase and in aqueous solution by using the hybrid 

B3LYP/6-31G* method. In solution, the SCRF methodology was employed with the PCM 

method and the universal solvation model to compute the solvation energies. Stable 

structures were obtained for free base in both media, for the cationic species in gas phase and 

for the hydrochloride species in solution, as supported by their positive frequencies. The 
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existence of cationic form in solution was verified by using the 6-31+G* level of theory. The 

force fields of those three species in both media were computed in order to perform the 

complete vibrational assignments of experimental available IR, ATR and Raman spectra by 

using the normal internal coordinates, the SQMFF methodology and the Molvib program. 

Here, the complete assignments of expected 120, 123 and 126 vibration modes for free base, 

cationic and hydrochloride species of cyclizine and their corresponding force constants are 

reported for first time. The predicted infrared, Raman and ultraviolet-visible spectra have 

evidenced reasonable correlations with the corresponding experimental ones. 

The free base of cyclizine presents the lower solvation energy value, as compared with 

scopolamine, heroin, morphine, cocaine and tropane alkaloids. The calculations have 

predicted for the three cyclizine species similarities in some geometrical parameters showing 

clearly that both phenyl rings are symmetric, as was experimentally observed. The studies of 

N-CH3 distances in the three species have evidenced that the free base of cyclizine in 

solution presents practically the same value than heroin and morphine in the same medium. 

This similarity in the values could be attributed to that N-CH3 group in cyclizine is linked 

only to a ring(piperazine), as in heroin and morphine and not to bicyclic rings as in cocaine, 

scopolamine and tropane alkaloids. Evidently, the N-C distances are shortened when the N-

CH3 group is linked to two fused rings. 

The mapped MEP surfaces reveal different nucleophilic and/or electrophilic regions in the 

three species of cyclizine where probable reactions can take place. 

NBO studies show clearly that the high stabilities of free base and hydrochloride species are 

strongly related to the presence of * transitions due to the two phenyl rings in their 

structures while AIM analyses clearly supports the high stability of hydrochloride species in 

solution due to the two interactions, H24---H30 and ionic H43---Cl44 interaction, where the 

strong ionic interaction is clearly evidenced by their highest topological properties. 
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