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Abstract 

Five stable isomers of antiviral ribavirin agent were theoretically determined in gas and aqueous solution by 

using the hybrid B3LYP/6-31G* method. Here, the solvent effects were studied with the self consistent reaction 

field (SCRF) methodology employing the polarized continuum (PCM) and the universal solvation model (SM). 

Structural, electronic and topological properties were reported for all isomers while the vibrational analyses were 

performed only for those two polymorphic structures experimentally observed in the solid phase by X-ray 

diffraction. Calculations have evidenced that C2 correspond to the polymorphic V1 structure while C5 to the 

polymorphic V2 structure. The high dipole moment values predicted for C2 and C5 in both media could probably 

explain their presences in the solid. Experimental available IR and Raman spectra of ribavirin in the solid state 

and normal internal coordinates were employed together with the scaled quantum mechanical force field 

(SQMFF) approach to perform the complete vibrational assignments in both media. Here, the 81 vibration modes 

expected for C2 and C5 in both media were completely assigned. The frontier orbitals studies reveal that C5 is 

the less reactive in both media. Here, the gap value observed for C5 is in agreement with the value recently 

reported for ribavirin by using B3LYP/6-311++G** calculations.  

Keywords: Ribavirin, vibrational spectra, molecular structure, force field, DFT calculations 

1. Introduction  

Ribavirin or virazole is an antiviral drug whose chemical name is 1--D-ribofuranosyl-1,2,4-triazole-3-

carboxamide and, as it present activity on various DNA and RNA viruses, in particular orthomyxoviruses 

(influenza A and B), paramyxoviruses (measles, respiratory syncytial virus (RSV)) and arenaviruses (Lassa, Junin, 

etc.), as reported by De Clercq [1] their study is of great chemical, pharmacological and medicinal interest. 

Usually, this drug is used alone for chronic hepatitis C virus infection or in combination with other with similar 

effects [2-6]. However, the application of ribavirin on various systems is strictly limited by the peak-to-trough 

fluctuation in plasma drug concentrations and some undesirable side-effects, as suggested by Chen et al. [6]. 

Besides, the antiviral drugs designed to accelerate viral mutation rates can drive a viral population to extinction 

in a process called lethal mutagenesis, as mentioned in a recent study by Pen et al. [7]. For these reasons, it is 

necessary and useful to improve the properties of this interesting drug of wide clinical use in order to diminish 

their side effects and the adverse reactions. Normally, the biological activity of a substance is closely related 

with the presence of hydrophobic and hydrophilic regions in its structure, as observed by Urzúa et al. [8] in a 

study on the antibacterial activities of some terpenoids. Hence, the use of structure-activity relationship (SAR) 

methods is of importance to the design of new and better drugs [9-13]. On the other hand, the complete 

assignments of the vibrational spectra of ribavirin in solid and aqueous solution are of great importance because 
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they allow their quick identification in all the systems by using the vibrational spectroscopy, as observed for 

other antiviral agents [14-18]. So far, the temperature effects on the FTIR spectra of Ribavirin were recently 

reported by Topala [19], the IR spectrum at room temperature by Kumar [20] and new studies by Near-Infrared 

and Raman Spectroscopies [21,22] were recently reported but, in this latter work all isomers were not studied 

and the complete assignments of their vibrational spectra were not performed by using their force fields. In this 

context, in order to characterize completely this antiviral substance, in relation to their interesting biological 

activities, the aims of the present work are the studies of the structural, electronic, topological and vibrational 

properties of all isomers in gas phase and, especially in aqueous solution, because it is known that ribavirin are 

soluble in water. For these purposes, the DFT calculations were carried out in order to optimize the molecule by 

using the hybrid B3LYP/6-31G* method in gas phase [23,24] while, in aqueous solution, the calculations were 

performed with the PCM and solvation models which consider the solvent effects [25-27]. Here, the volume 

variations that experiment the species in aqueous solution were calculated with the Moldraw program [28]. 

Then, their reactivities and behaviors in both media were predicted at the same level of theory by using the 

frontier orbitals energies [29,30] and the equations reported in the literature for the chemical potential (μ), 

electronegativity (χ), global hardness (η), global softness (S) and global electrophilicity (ω) and nucleophilicity 

() indexes descriptors [31-43]. Moreover, the hydrophobic and hydrophilic regions sites of ribavirin in both 

phases can be clearly predicted by means of the different colorations observed on the molecular electrostatic 

potential surfaces mapped. In addition, the force fields and the force constants were also calculated in both 

media by using the SQMFF methodology and the Molvib program [44,45]. Here, we have compared the 

properties of ribavirin in the two studied media with those computed properties by us for other antiviral drugs 

such as, thymidine [14,18], dideoxynucleoside zalcitabine [46], 5-trifluoromethyluracil [47] and cidofovir and 

brincidofovir [48] in order to observe the relationships that exist between the hydrophobic and hydrophilic sites 

and the different groups because it is very important to understand the mechanisms of interaction of this 

antiviral agent with the receptors sites.  

2. Materials and Methods 

Computational details 

Here, five different stable structures of ribavirin were proposed due to the presence of two chiral C atoms in the 

sugar ring, as reported for emtricitabine by Sanmarti et al. [17,49]. Thus, three Cis isomers and two Trans isomers 

of ribavirin were studied in order to know which of them are the two structures experimentally observed by X-

ray diffraction by Prusiner and Sundaralingam [50]. The initial structures were modelled with the GaussView 

program [51] and, then optimized in gas phase by using the hybrid B3LYP/6-31G* level of theory [23,24] with 

the Gaussian 09 program [52] while the solvent effects in aqueous solution were considered by using the SCRF 

method together with the PCM and solvation models (SM) [25-27]. Hence, the solvation energies were easily 

computed with the universal SM model at the same calculation level. The five structures, named C1, C2, C3, C4 

and C5 are given in Figure 1 together with the atoms labelling. Here, the NBO [53,54] and AIM [55,56] 

calculations at the same level of theory were employed to calculate the natural population atomic (NPA), the 

bond orders, the stabilization energies and the topological analysis of the electronic charge densities. 

Additionally, the charges derived from Merz-Kollman [57] were also calculated while the electrostatic potential 

surfaces mapped were generated with the GaussView program [50]. The harmonic force fields for those five 

isomers were calculated in Cartesian coordinates at the same level of theory employing the SQMFF methodology 

[44] and the Molvib program [45]. Then, the transformations to natural internal coordinates were carrying out 

using that latter program. Here, the definition of the natural internal coordinates were not presented for ribavirin 

because they are similar to those reported for compounds with analogous rings and groups [14-18,31-42,46-

48].  
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Figure 1. Theoretical molecular structures of most stable isomers of ribabirin and the atoms labelling. 

The tentative assignments of the most stable configurations were performed taking into account the potential 

energy distributions (PED)  10 % and, in some cases, values lower than 10% were considered due to coupling 

of modes. The reactivities and behaviours of all isomers of ribavirin in the two studied media were predicted by 

using the calculated frontier orbitals and the μ, χ, η, S, ω and  descriptors at B3LYP/6-31G* level of theory 

[29,30]. Here, the obtained properties for ribavirin were compared with the values reported for thymidine [14], 

dideoxynucleoside zalcitabine [46], 5-trifluoromethyluracil [47] and cidofovir and brincidofovir [48]. The 

knowledge of the nucleophilic or electrophilic sites is clearly important to find those reacting regions with the 

potential biological agents due to their antiviral activities. 

3. Results and Discussion 

3.1 Geometries, volume, solvation energies 

The calculated total and relative energies, dipole moments and populations for the five isomers of ribavirin in 

both media using the B3LYP/6-31G* method can be seen in Table 1 while their differences in function of the 

different structures are represented in Figures 2.  

Table 1. Total (E) and relative (E) energies, dipole moment () and populations for all the isomers of ribavirin 

in both media by using the B3LYP/6-31G* method 

Gas phase 

Isomer E (Hartrees) ∆E (kJ/mol)  (D) Population 

C1 (Cis) -907.1549 0.00 8.43 88.59 

C2(Cis) -907.1493 14.69 8.67 0.23 

C3(Trans) -907.1506 11.28 7.30 0.88 

C4(Trans) -907.1525 5.33 8.24 10.28 

C5(Cis) -907.1465 22.03 8.84 0.02 

Aqueous solution 

Isomer E (Hartrees) ∆E (kJ/mol)  (D) Population 

C1 (Cis) -907.2027 0.00 11.60 38.17 

C2(Cis) -907.2015 3.15 11.63 10.69 

C3(Trans) -907.2015 3.15 10.59 10.69 

C4(Trans) -907.2027 0.00 11.76 38.17 

C5(Cis) -907.2000 7.08 12.55 2.28 
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On the other hand, the volume variations that experiment those five isomers in solution and their solvation 

energy values are summarized in Table 2 while Figure 3 shows their behaviours in both media. Thus, regarding 

the energy values of Figure 2 we observed that the C1 and C4 isomers are the most stable isomers in both media 

while C5 is the most unstable isomer in those media because this isomer has high energies barriers, especially 

in gas phase. The dipole moments of the five isomers show a similar behaviour in both media where clearly it is 

observed that C3 present the lowest values while C5 the higher ones. Note that all the values in solution are 

higher than those in gas phase, as expected because the isomers are hydrated in solution due to the H bonds 

formation with the water molecules. In relation to the populations in both media, the C1 and C4 isomers have 

the higher populations while C2, C3 and C5 the most low, as observed in Figure 2. On the other hand, analyzing 

the molar volumes according to Figure 3 the same behaviours are expected for C4 and C5 in both media while 

from C1 to C3 we observed an increase in the corresponding values. 

 

Figure 2. Variations observed in the relative energies (a), dipole moment values (b) and populations % (c) for 

the five isomeric structures of ribavirin in gas and aqueous solution phases at B3LYP/6-31G* level of theory. 

Table 2. Molecular volume for the stable configurations of ribavirin by using the B3LYP/6-31G* method 

Ribavirin 

Isomer Molar Volume (Å3) #V= VAS – VG (Å3) 

GAS PCM/SMD 

C1 216.9 221.2 4.3 

C2 223.9 226.2 2.3 

C3 224.4 226.7 2.3 

C4 224.8 225.4 0.6 

C5 234.6 233.5 -1.1 

G (kJ/mol) 

Isomer Gu
# Gne Gc 

C1 -125.38 16.47 -141.85 

C2 -136.92 13.92 -150.84 

C3 -133.51 15.63 -149.14 

C4 -131.67 16.72 -148.39 

C5 -140.33 15.84 -156.17 
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Gc = Guncorrected
# - GTotal non-electrostatic 

This way, Table 2 shows clearly volume expansion for all the isomers in solution, with exception of C5 where it 

is observed a volume contraction. It is very important to observe that the non electrostatic terms, calculated by 

using the SM model, are positive in all the isomers, hence, the corrected solvation energies present the more 

negative values, in reference to the uncorrected ones, as can be seen in Figure 3. Probably, the higher volume 

variation observed for C1 in solution is justified by the higher increase of their dipole moment value. Here, the 

high solvation energy value for C2 (most negative value) could maybe justify in part their presence in solution 

while the lower value in C1 are attributed to the higher non-electrostatic terms and to their lower volume 

values in both media. 

 

Figure 3. Variations observed in the molar volume (a) and in the solvation energy values (b) for the five isomeric 

structures of ribavirin in aqueous solution phase at B3LYP/6-31G* level of theory. 

The calculated geometrical parameters for the five structures of ribavirin in gas phase can be seen in Table 3 

compared with the experimental V1 and V2 structures reported by Prusiner and Sundaralingam [50] by means 

of the root-mean-square deviation (RMSD) values. First, we observed that the bond lengths are similar for all 

isomers independently of their Cis or Trans structures and, besides these parameters present the better 

correlations when they are compared with V1 (0.018-0.020 Å) than when are compared with V2 (0.020-0.021 Å). 

These correlations can be graphically seen in Figures 4 and 5. Figure 5 show clearly the higher observed 

differences in the C7-N9, C1-N3, C1-N6 and N3-N5 bond lengths. On the contrary, analyzing the bond angles 

values it is observed a better correlation of the calculated parameters using the same calculation level with the 

V2 structure (1.2-1.4º) than with V1 (1.2-3.0º). The higher variations are observed in the dihedral angles related 

to the two triazole and ribofuran rings present in ribavirin showing variations from 262.8 up to 12.2º. However, 

the better correlations observed in the dihedral angles show that the conformations C2 and C5 correspond to 

those two polymorphic crystalline forms V1 and V2 reported by Prusiner and Sundaralingam [50] where the 

conformation about the exocyclic C16-C15 bond is gauche in C2 and trans in C5, as in those experimental V1 

and V2 structures [50], then, these two forms are those two experimentally observed, as observed in Figure 6. 

Here, the volume expansion and contraction for C2 and C5 together with their higher dipole moment values in 

solution, respectively could clearly justify their higher solvation energies (Table 2) and the high solubility in water 

observed for ribavirin.  

Table 3. Comparison of calculated geometrical parameters for the stable isomers in gas phase with the 

corresponding experimental ones 

Parameter B3LYP/6-31G* Methoda Experimentalb 

C1 C2 C3 C4 C5 V2 V1 

Bond lengths (Å) 

C1-N3 1.356 1.360 1.359 1.358 1.358 1.340 1.327 
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C1-N6 1.321 1.316 1.318 1.316 1.321 1.321 1.332 

N3-N5 1.350 1.354 1.353 1.353 1.349 1.359 1.368 

N3-C12 1.469 1.447 1.461 1.456 1.472 1.484 1.475 

N5-C2 1.332 1.330 1.330 1.331 1.334 1.307 1.321 

C2-C7 1.502 1.501 1.500 1.501 1.499 1.491 1.487 

N6-C2 1.361 1.366 1.364 1.364 1.361 1.362 1.361 

C7-O8 1.220 1.220 1.220 1.219 1.220 1.232 1.235 

C7-N9 1.366 1.365 1.366 1.366 1.366 1.322 1.328 

C12-O14 1.404 1.422 1.411 1.413 1.405 1.409 1.393 

C12-C13 1.561 1.548 1.563 1.557 1.562 1.530 1.528 

C13-O23 1.401 1.397 1.394 1.401 1.399 1.418 1.427 

C13-C15 1.546 1.540 1.544 1.541 1.551 1.537 1.523 

C15-O25 1.426 1.428 1.428 1.431 1.425 1.415 1.418 

C15-C16 1.530 1.538 1.530 1.530 1.533 1.537 1.519 

C16-O14 1.446 1.450 1.454 1.445 1.438 1.454 1.464 

C16-C17 1.545 1.528 1.530 1.522 1.529 1.502 1.509 

C17-O18 1.410 1.411 1.411 1.415 1.417 1.424 1.435 

RMSDV1 0.020 0.019 0.019 0.018 0.019   

RMSDV2 0.021 0.021 0.021 0.020 0.021   

Bond angles (°) 

O8-C7-N9 124.1 124.1 124.0 124.1 123.9 123.2 123.8 

C2-C7-N9 113.8 113.5 113.5 113.6 113.3 115.9 116.7 

C2-C7-O8 122.1 122.4 122.5 122.4 122.5 120.1 119.4 

N6-C2-C7 124.2 123.3 123.4 123.1 123.6 121.2 122.1 

N5-C2-C7 121.5 122.0 121.9 122.1 121.6 123.4 122.3 

N6-C2-N5 114.3 114.7 114.7 114.7 114.7 115.4 115.5 

C1-N6-C2 102.7 102.7 102.8 102.6 102.8 102.1 102.1 

N3-C1-N6 110.7 110.7 110.5 110.8 110.1 110.6 110.5 

C1-N3-N5 109.0 109.1 109.3 109.1 109.7 109.3 110.3 

N3-N5-C2 103.2 102.8 102.7 102.7 102.5 102.5 101.6 

N5-N3-C12 120.2 120.9 119.6 121.7 120.7 117.6 118.9 

C1-N3-C12 130.8 130.0 131.1 129.0 129.5 133.0 130.8 

O14-C12-C13 110.6 104.9 106.2 107.3 108.1 106.2 107.7 

C16-O14-C12 110.6 110.1 111.9 110.3 110.2 110.0 109.7 

C15-C16-O14 104.4 106.5 106.2 104.7 104.4 106.1 104.0 

C16-C15-C13 102.3 103.2 103.0 101.9 103.0 103.6 101.6 

C15-C13-C12 102.2 101.0 103.0 102.4 102.3 101.1 101.3 

O14-C12-N3 109.0 108.9 110.4 110.6 108.3 109.0 107.9 

N3-C12-C13 112.9 115.0 114.0 112.6 112.1 112.8 111.4 

C12-C13-O23 113.8 114.9 115.8 114.0 114.4 104.4 106.0 

C15-C13-O23 114.0 114.5 114.5 114.0 113.2 112.1 111.6 

C13-C15-O25 105.0 104.8 105.8 105.5 105.3 113.9 109.7 

C16-C15-O25 113.0 112.7 112.7 113.2 111.7 114.6 113.6 

C17-C16-C15 112.7 114.9 114.8 117.3 113.2 111.8 117.7 

C17-C16-O14 111.2 107.2 107.7 106.8 112.3 110.3 108.3 

C16-C17-O18 112.0 111.2 11.0 111.3 107.6 111.4 110.2 

RMSDV1 3.0 1.3 1.2 1.5 1.4   

RMSDV2 1.2 1.3 1.4 1.3 1.2   

Dihedral angle (º) 
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C16-O14-C12-

C13 

7.0 -26.1 -8.2 4.7 13.1 25.2 4.6 

O14-C12-C13-

C15 

15.7 37.1 24.5 18.1 9.2 -35.7 -27.1 

C12-C13-C15-C16 -30.8 -33.8 -30.6 -32.3 -26.1 32.3 37.8 

C13-C15-C16-

O14 

35.9 19.9 26.6 36.2 34.6 -18.9 -36.1 

C15-C16-O14-

C12 

-27.4 3.9 -11.8 -26.1 -30.3 -3.8 20.1 

RMSDV1 45.9 52.7 46.5 46.9 42.7   

RMSDV2 52.9 52.1 49.9 53.5 51.0   

Glycosyl torsion angle,  (º) 

O14-C12-N3-C1G -142.9 58.0 -41.2 -107.5 -2.6 10.4 119.0 

O14-C12-N3-C1S -144.6 57.4 -35.6 -107.7 21.7 10.4 119.0 

RMSDV1 154.2 47.3 48.9 118.0 12.2   

RMSDV2 262.8 61.3 157.4 226.6 110.1   

aThis work, bFrom Ref [50] 

 

Figure 4. Variations observed in the bond lengths for 

the four isomeric structures of ribavirin in gas phase at 

B3LYP/6-31G* level of theory and their comparison 

with the corresponding experimental ones. 

 

Figure 5. Variations observed in the bond lengths 

for the four isomeric structures of ribavirin in gas 

phase at B3LYP/6-31G* level of theory and their 

comparison with the corresponding experimental 

ones. 
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Figure 6. Molecular structures of C2 and C5 isomers compared with the corresponding to those two 

experimental polymorphic crystalline forms V1 and V2. 

Moreover, the populations of C2 and C5 increase slightly in solution probably due to the higher solubility in this 

medium. Obviously, the differences observed between the gas phase and the solid state can easily attributed to 

the calculations because the packing forces in solid phase were not considered in the calculations in gas phase 

while the H bonds forces are important in solution. Another very important result is that the optimized structures 

for the two conformers predicted higher double C=O bonds character of the amide form in the gas phase than 

in aqueous solution, as shown in Table 3. Analyzing the distances values between the more electronegative 

atoms for the stable conformations of ribavirin presented in Table 4 we observed that a possible justification of 

the low population of C2 in gas phase can be attributed to the proximities between the more electronegative 

atoms. 

Table 4. Comparison of calculated geometrical parameters for the stable isomers of ribavirin in gas phase and 

in aqueous solution by using the B3LYP/6-31G* method. 

Isomer 

Gas Aqueous solution 

N6---O8 N3---O14 N14---O18 N6---O8 N3---O14 N14---O18 

C2 2.904 2.334 2.766 2.865 2.348 2.793 

C5 2.913 2.332 2.821 2.864 2.335 2.811 

Thus, in that conformer the N6---O8, N3---O14 and N14---O18 distances in gas phase are slight lower in C2 

than C5 while in solution the distance between these atoms are practically the same in the two conformers, as 

observed in Table 4.  

3.2. Atomic charges, electrostatic potentials, bond orders 

The atomic charges were studied for all isomers of ribavirin in gas and aqueous solution phases by using the 

B3LYP/6-31G* method. The natural (NPA) and MK charges [57] observed on all the atoms of all isomers in both 

media are presented in Tables 5 and 6. Here, the behaviours of both charges on the N and O atoms involved 

principally in the nucleophilic and electrophilic sites of ribavirin in both media were exhaustively analyzed. In 
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general, we observed that both charges have different values and that the NPA charges have higher values than 

the other ones in both conformers and show few variations in the different media.  

Table 4. Atomic MK and NPA charges for all isomers of Ribavirin in gas phase 

Atoms MK NPA 

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 

C 1 0.365 0.268 0.296 0.319 0.341 0.205 0.200 0.202 0.208 0.189 

C 2 0.451 0.632 0.588 0.506 0.525 0.269 0.251 0.249 0.258 0.247 

N 3 -0.086 0.196 0.151 0.038 0.150 -0.219 -0.221 -0.233 -0.223 -0.231 

H 4 0.079 0.105 0.114 0.091 0.075 0.239 0.232 0.242 0.235 0.253 

N 5 -0.318 -0.598 -0.596 -0.449 -0.552 -0.355 -0.302 -0.309 -0.325 -0.321 

N 6 -0.604 -0.643 -0.650 -0.605 -0.649 -0.463 -0.460 -0.468 -0.464 -0.474 

C 7 0.557 0.481 0.505 0.552 0.542 0.642 0.644 0.644 0.644 0.643 

O 8 -0.483 -0.475 -0.482 -0.487 -0.489 -0.585 -0.588 -0.590 -0.585 -0.592 

N 9 -0.893 -0.840 -0.836 -0.876 -0.873 -0.852 -0.851 -0.852 -0.852 -0.853 

H 10 0.356 0.364 0.363 0.360 0.377 0.421 0.423 0.422 0.420 0.424 

H 11 0.422 0.408 0.402 0.417 0.408 0.420 0.419 0.417 0.419 0.417 

C 12 0.147 0.101 0.268 -0.004 0.041 0.247 0.248 0.250 0.246 0.254 

C 13 0.283 0.187 0.204 0.446 0.388 0.056 0.061 0.055 0.057 0.056 

O 14 -0.305 -0.347 -0.433 -0.295 -0.390 -0.574 -0.605 -0.596 -0.598 -0.572 

C 15 0.056 0.113 0.113 -0.153 -0.098 0.042 0.041 0.037 0.043 0.045 

C 16 -0.045 -0.046 -0.109 0.175 0.266 0.028 0.027 0.024 0.026 0.035 

C 17 0.251 0.119 0.307 0.176 0.014 -0.123 -0.111 -0.114 -0.113 -0.124 

O 18 -0.569 -0.539 -0.607 -0.575 -0.570 -0.762 -0.742 -0.743 -0.744 -0.748 

H 19 0.093 0.067 0.077 0.044 0.049 0.248 0.237 0.245 0.257 0.247 

H 20 0.052 0.053 0.050 0.100 0.079 0.232 0.232 0.235 0.235 0.229 

H 21 0.125 0.127 0.140 0.022 0.090 0.246 0.241 0.247 0.238 0.252 

H 22 0.099 0.150 0.087 0.109 0.144 0.247 0.252 0.256 0.244 0.254 

O 23 -0.640 -0.581 -0.589 -0.637 -0.632 -0.744 -0.737 -0.733 -0.743 -0.740 

H 24 -0.056 0.013 -0.038 0.060 0.028 0.196 0.190 0.192 0.220 0.202 

O 25 -0.602 -0.612 -0.660 -0.536 -0.580 -0.772 -0.774 -0.776 -0.777 -0.769 

H 26 0.044 0.081 0.036 0.008 0.040 0.225 0.224 0.225 0.206 0.205 

H 27 0.436 0.415 0.426 0.409 0.424 0.494 0.493 0.495 0.490 0.493 

H 28 0.432 0.429 0.456 0.409 0.426 0.495 0.495 0.497 0.496 0.494 

H 29 0.352 0.371 0.413 0.378 0.423 0.496 0.483 0.483 0.482 0.485 

Table 5. Atomic MK and NPA charges for all isomers of Ribavirin in aqueous solution 

Atoms MK NPA 

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 

C 1 0.362 0.244 0.417 0.281 0.299 0.204 0.189 0.201 0.206 0.188 

C 2 0.475 0.650 0.385 0.522 0.619 0.268 0.251 0.248 0.258 0.247 

N 3 -0.074 0.166 -

0.250 

0.120 0.133 -0.217 -0.221 -

0.230 

-

0.220 

-0.224 

H 4 0.077 0.119 -

0.353 

0.098 0.091 0.239 0.227 0.240 0.234 0.244 

N 5 -0.355 -0.609 -

0.466 

-

0.483 

-0.590 -0.352 -0.300 -

0.308 

-

0.320 

-0.312 

N 6 -0.604 -0.643 0.581 -

0.600 

-0.657 -0.459 -0.456 -

0.467 

-

0.462 

-0.468 

C 7 0.539 0.464 -

0.516 

0.535 0.493 0.632 0.634 0.634 0.634 0.634 

O 8 -0.489 -0.481 -

0.067 

-

0.497 

-0.494 -0.593 -0.597 -

0.601 

-

0.596 

-0.602 
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N 9 -0.868 -0.823 0.432 -

0.847 

-0.839 -0.839 -0.839 -

0.840 

-

0.840 

-0.841 

H 10 0.353 0.366 0.276 0.357 0.369 0.418 0.422 0.422 0.420 0.423 

H 11 0.422 0.407 -

0.518 

0.412 0.407 0.424 0.422 0.420 0.422 0.419 

C 12 0.186 0.255 0.186 -

0.066 

0.118 0.247 0.245 0.255 0.248 0.255 

C 13 0.219 0.117 0.281 0.383 0.296 0.051 0.055 0.051 0.054 0.054 

O 14 -0.319 -0.366 0.240 -

0.302 

-0.404 -0.572 -0.594 -

0.594 

-

0.595 

-0.573 

C 15 0.080 0.144 -

0.207 

-

0.109 

-0.095 0.041 0.041 0.035 0.043 0.044 

C 16 -0.024 -0.077 -

0.199 

0.201 0.258 0.030 0.027 0.025 0.027 0.036 

C 17 0.227 0.146 -

0.221 

0.139 0.126 -0.125 -0.119 -

0.117 

-

0.117 

-0.123 

O 18 -0.572 -0.544 0.417 -

0.579 

-0.599 -0.760 -0.742 -

0.743 

-

0.745 

-0.745 

H 19 0.112 0.071 0.385 0.065 0.069 0.249 0.241 0.243 0.259 0.245 

H 20 0.048 0.049 -

0.250 

0.088 0.086 0.232 0.233 0.234 0.235 0.230 

H 21 0.125 0.141 -

0.353 

0.027 0.086 0.250 0.249 0.249 0.240 0.252 

H 22 0.093 0.109 -

0.466 

0.122 0.140 0.245 0.257 0.254 0.239 0.251 

O 23 -0.631 -0.570 0.581 -

0.615 

-0.596 -0.745 -0.738 -

0.737 

-

0.741 

-0.738 

H 24 -0.050 -0.010 -

0.516 

0.067 -0.011 0.195 0.187 0.196 0.219 0.200 

O 25 -0.590 -0.594 -

0.067 

-

0.524 

-0.575 -0.770 -0.770 -

0.771 

-

0.776 

-0.767 

H 26 0.049 0.079 0.432 0.022 0.010 0.225 0.229 0.226 0.210 0.206 

H 27 0.426 0.405 0.276 0.399 0.410 0.491 0.492 0.496 0.487 0.490 

H 28 0.423 0.419 -

0.518 

0.397 0.425 0.495 0.494 0.498 0.495 0.493 

H 29 0.359 0.368 0.186 0.387 0.425 0.494 0.482 0.482 0.481 0.482 

In relation to the N atoms, it is observed that the MK charge on the N5 atoms in C1 is different from the 

corresponding to C2 in gas phase and, the value in C2 decreases notably in solution. On the other hand, the MK 

charges on the N9 atoms of all isomers in both media present the higher values, as expected because those 

atoms belong to the NH2 groups. In both media, the behaviours of these charges on the N6 atoms of all isomers 

are practically similar among them. Analyzing the O atoms, both charges show higher values on the O18 and 

O23 atoms of all isomers evidencing the following tendency: O23 > O18 > O8 > O14 in both media although 

the values little change in solution.  

The molecular electrostatic potentials (MEP) were also studied for all isomers in both media because they are of 

interest to investigate the different sites of reactivity of ribavirin taking into account that when it is used as an 

antiviral drug interaction with different nucleophiles or electrophiles reactive. Thus, Table 6 shows the MEP 

values on all the atoms of all isomers of ribavirin in both media.  

Table 6. Molecular electrostatic potential (in a.u.) for five isomersof ribavirin in both media. 

Atoms Gas phase Aqueous solution 

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 

C 1 -

14.654 

-

14.660 

-

14.669 

-

14.660 

-14.676 -14.656 -14.659 -14.672 -14.662 -14.677 

C 2 -

14.673 

-

14.681 

-

14.686 

-

14.678 

-14.689 -14.673 -14.681 -14.689 -14.681 -14.692 

N 3 -

18.240 

-

18.243 

-

18.251 

-

18.245 

-18.256 -18.240 -18.244 -18.254 -18.247 -18.257 

H 4 -1.049 -1.052 -1.065 -1.053 -1.073 -1.049 -1.049 -1.067 -1.054 -1.072 

N 5 -

18.313 

-

18.321 

-

18.327 

-

18.320 

-18.331 -18.311 -18.321 -18.330 -18.322 -18.333 

N 6 -

18.355 

-

18.360 

-

18.366 

-

18.360 

-18.371 -18.356 -18.360 -18.370 -18.363 -18.374 

C 7 -

14.633 

-

14.638 

-

14.641 

-

14.636 

-14.644 -14.634 -14.639 -14.645 -14.639 -14.647 

O 8 -

22.358 

-

22.362 

-

22.365 

-

22.360 

-22.368 -22.362 -22.367 -22.372 -22.367 -22.375 

N 9 -

18.327 

-

18.329 

-

18.333 

-

18.327 

-18.335 -18.321 -18.325 -18.330 -18.324 -18.332 

H 10 -1.013 -1.015 -1.018 -1.012 -1.021 -1.007 -1.012 -1.017 -1.010 -1.019 

H 11 -1.017 -1.017 -1.020 -1.015 -1.023 -1.010 -1.013 -1.018 -1.012 -1.020 



Journal of Advances in chemistry Vol 16 (2019) ISSN: 2321-1091          https://cirworld.com/index.php/jac 

6335 

C 12 -

14.615 

-

14.619 

-

14.617 

-

14.619 

-14.626 -14.615 -14.618 -14.617 -14.618 -14.626 

C 13 -

14.653 

-

14.651 

-

14.649 

-

14.658 

-14.659 -14.653 -14.649 -14.650 -14.658 -14.657 

O 14 -

22.276 

-

22.273 

-

22.267 

-

22.279 

-22.278 -22.279 -22.274 -22.267 -22.283 -22.281 

C 15 -

14.648 

-

14.645 

-

14.643 

-

14.649 

-14.648 -14.648 -14.644 -14.642 -14.650 -14.647 

C 16 -

14.662 

-

14.658 

-

14.656 

-

14.664 

-14.658 -14.665 -14.657 -14.656 -14.664 -14.657 

C 17 -

14.675 

-

14.667 

-

14.666 

-

14.672 

-14.660 -14.676 -14.664 -14.663 -14.671 -14.658 

O 18 -

22.312 

-

22.301 

-

22.300 

-

22.306 

-22.287 -22.316 -22.300 -22.298 -22.304 -22.288 

H 19 -1.083 -1.078 -1.080 -1.089 -1.091 -1.081 -1.075 -1.079 -1.086 -1.084 

H 20 -1.075 -1.072 -1.069 -1.074 -1.075 -1.071 -1.069 -1.066 -1.074 -1.072 

H 21 -1.088 -1.087 -1.082 -1.094 -1.085 -1.091 -1.084 -1.082 -1.093 -1.084 

H 22 -1.072 -1.080 -1.078 -1.074 -1.088 -1.072 -1.080 -1.078 -1.075 -1.089 

O 23 -

22.291 

-

22.290 

-

22.289 

-

22.295 

-22.300 -22.291 -22.290 -22.293 -22.294 -22.297 

H 24 -1.108 -1.098 -1.097 -1.095 -1.089 -1.105 -1.091 -1.092 -1.092 -1.086 

O 25 -

22.265 

-

22.263 

-

22.260 

-

22.264 

-22.267 -22.265 -22.263 -22.259 -22.264 -22.266 

H 26 -1.099 -1.091 -1.090 -1.107 -1.088 -1.099 -1.087 -1.087 -1.103 -1.085 

H 27 -0.975 -0.974 -0.974 -0.979 -0.983 -0.975 -0.974 -0.977 -0.978 -0.981 

H 28 -0.946 -0.944 -0.942 -0.946 -0.948 -0.946 -0.944 -0.940 -0.945 -0.947 

H 29 -1.000 -0.986 -0.985 -0.990 -0.970 -1.003 -0.985 -0.983 -0.989 -0.970 

The negative MEP values are obviously observed on the O atoms while the less negative values are observed on 

the H atoms, then the values decrease according to the following order: O > N> C > H. Thus, the more negative 

values are observed on the N6 and O8 atoms of the two conformers in both media because these two sites are 

nucleophilic sites while the less negative values are observed on the H28, H27, H10 and H11 atoms due to that 

these sites are electrophilic sites. This way, on the N6 and O8 atoms are expected strong red colorations in the 

MEP surface mapped related with the nucleophilic sites acceptors of H bonds. On the other hand, the possible 

electrophilic sites are those donor of H bonds in the two conformers of ribavirin are those related to the NH2 

and O-H groups and, as a consequence of their lower MEP values strong blue colorations are expected on their 

corresponding surfaces mapped.  

The bond order is a property interesting to investigate the different character and nature of the bonds. Thus, 

the bond orders expressed as Wiberg indexes for all isomers of ribavirin in both media by using the B3LYP/6-

31G* method are presented in Table 7.  

Table 7. Wiberg indexes for all isomers of Ribavirin in both media 

Gas Aqueous solution 

Atoms C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 

C 1 3.877 3.884 3.877 3.880 3.869 3.877 3.890 3.880 3.881 3.875 

C 2 3.978 3.983 3.984 3.983 3.984 3.981 3.984 3.986 3.985 3.986 

N 3 3.571 3.568 3.566 3.568 3.567 3.574 3.573 3.571 3.571 3.573 

H 4 0.943 0.947 0.944 0.945 0.940 0.943 0.950 0.944 0.946 0.945 

N 5 3.026 3.016 3.015 3.015 3.013 3.026 3.017 3.015 3.016 3.013 

N 6 3.060 3.060 3.057 3.060 3.056 3.058 3.059 3.055 3.058 3.055 

C 7 3.910 3.908 3.908 3.908 3.908 3.914 3.913 3.912 3.912 3.912 

O 8 2.021 2.019 2.017 2.022 2.014 2.002 1.997 1.994 1.999 1.993 

N 9 3.030 3.029 3.026 3.027 3.026 3.047 3.045 3.043 3.044 3.043 

H 10 0.827 0.823 0.824 0.826 0.822 0.829 0.824 0.824 0.825 0.823 

H 11 0.826 0.827 0.829 0.827 0.829 0.823 0.825 0.827 0.825 0.827 

C 12 3.816 3.804 3.805 3.818 3.804 3.820 3.807 3.805 3.823 3.808 

C 13 3.877 3.887 3.885 3.873 3.880 3.877 3.885 3.887 3.874 3.882 
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O 14 2.023 1.985 2.004 1.998 2.020 2.020 1.998 2.004 1.995 2.014 

C 15 3.855 3.854 3.855 3.853 3.856 3.857 3.858 3.858 3.855 3.858 

C 16 3.849 3.850 3.848 3.849 3.856 3.848 3.850 3.848 3.851 3.856 

C 17 3.832 3.832 3.831 3.826 3.822 3.834 3.834 3.831 3.827 3.825 

O 18 1.789 1.799 1.799 1.794 1.794 1.782 1.795 1.794 1.788 1.792 

H 19 0.941 0.946 0.942 0.936 0.942 0.940 0.944 0.943 0.935 0.942 

H 20 0.949 0.948 0.947 0.948 0.950 0.948 0.948 0.948 0.948 0.950 

H 21 0.943 0.947 0.943 0.949 0.9400 0.941 0.941 0.942 0.947 0.940 

H 22 0.942 0.941 0.938 0.943 0.939 0.943 0.938 0.939 0.946 0.941 

O 23 1.811 1.820 1.826 1.812 1.815 1.807 1.812 1.816 1.809 1.814 

H 24 0.965 0.968 0.967 0.954 0.962 0.965 0.969 0.965 0.954 0.963 

O 25 1.788 1.784 1.783 1.788 1.791 1.790 1.787 1.790 1.786 1.790 

H 26 0.951 0.952 0.952 0.962 0.961 0.951 0.950 0.951 0.960 0.960 

H 27 0.759 0.760 0.757 0.763 0.760 0.762 0.761 0.757 0.766 0.762 

H 28 0.756 0.757 0.754 0.755 0.757 0.756 0.757 0.754 0.756 0.758 

H 29 0.756 0.769 0.770 0.770 0.766 0.759 0.770 0.770 0.770 0.769 

The results show clearly that the O14 atoms in the two media have the higher double bond character, as 

expected because those atoms belong to the ribofuranosyl rings while the O18 and O25 atoms linked to the 

H28 and H29 atoms respectively have the more low values and, for these reasons, they are H atoms that quickly 

form H bonds in solution. These results are in agreement with the analyzed MEP values.  

3.3. NBO and AIM studies 

The stabilities of all isomers of ribavirin in gas and aqueous solution phases were studied by NBO [53,54] and 

AIM [55,56] calculations at the B3LYP/6-31G* level of theory in order to analyze the influence of the ribofuranosyl 

and triazole rings and of the carboxamide groups on the stabilization energies of all structures. Table 8 shows 

the results for all isomers.  

Table 9.  Main delocalization energy (in kJ/mol) for all isomers of ribavirin in both media. 

Delocalization GAS 

C1 C2 C3 C4 C5 

 (2)C1-N6 → *(2)C2-N5 139.15 129.54 132.67 134.39 137.35 

 (2)C2-N5 → *(2)C1-N6 42.97 45.6 44.85 43.97 44.68 

 (2)C2-N5 → *(2)C7-O8 42.8 46.06 46.52 45.06 46.48 

ET→ * 224.92 221.2 224.04 223.42 228.51 

LP(1)N3 → *(2)C1-N6 207.79 198.09 201.14 204.07 204.31 

LP(1)N3 → *(2) C2-N5 114.28 112.61 113.95 112.61 116.10 

LP(1)N3 → *(1)C12-O14 16.97 37.62 19.85 42.68 - 

LP(2)O8 → *(1)C2-C7 95.51 94.76 94.05 94.84 93.59 

LP(2)O8 → *(1)C7-N9 105.38 105.75 105.75 106.05 105.75 

LP(1)N9 → *(2)C7-O8 259.74 259.54 253.6 253.18 255.10 

LP(2)O14 → *(1)N3-C12 48.15 16.13 45.69 44.06 47.78 

LP(2)O23→ *(1) C12-C13 43.76 44.22 49.28 43.93 44.73 

ETn→ * 891.58 868.72 883.31 901.42 867.36 

*(2)C2-N5→ *(2)C7-O8 268.65 294.1 310.49 292.6 313.67 

ET*→ * 268.65 294.1 310.49 292.6 313.67 

ETotal 1385.15 1384.02 1417.84 1417.44 1409.54 
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PCM 

Delocalization C1 C2 C3 C4 C5 

 (2)C1-N6 → *(2)C2-N5 141.03 130.42 135.14 135.39 137.15 

 (2)C2-N5 → *(2)C1-N6 42.68 46.52 44.85 43.93 45.39 

 (2)C2-N5 → *(2)C7-O8 44.18 47.74 48.32 46.61 48.11 

ET→ * 227.89 224.68 228.31 225.93 230.65 

LP(1)N3 → *(2)C1-N6 212.59 205.82 208.96 209.04 209.58 

LP(1)N3 → *(2) C2-N5 113.49 113.49 114.82 111.94 115.74 

LP(1)N3 → *(1)C12-O14 15.72 34.23 12.71 41.38 4.14 

LP(2)O8 → *(1)C2-C7 87.15 86.4 85.65 86.32 85.52 

LP(2)O8 → *(1)C7-N9 95.51 95.43 95.6 95.68 95.55 

LP(1)N9 → *(2)C7-O8 280.31 279.6 278.93 279.14 278.85 

LP(2)O14 → *(1)N3-C12 46.36 33.23 49.95 38.00 41.30 

LP(2)O23→ *(1) C12-C13 41.09 40.67 46.77 40.88 40.71 

ETn→ * 892.22 888.87 893.39 902.38 871.39 

*(2)C2-N5→ *(2)C7-O8 331.1 365.71 409.39 381.84 403.54 

ET*→ * 331.1 365.71 409.39 381.84 403.54 

ETotal 1451.21 1479.26 1531.09 1510.15 1274.93 

Three important contributions of the stabilization energies to the total energies are observed in all isomers 

which are the ET→ *, ETn→ * and ET*→ * charge transfers corresponding to the C-N bonds of the triazole 

rings and to the lone pairs of the N3, N9, O8, O14 and O23 atoms belonging to the pyrimidine and ribofuranosyl 

rings of all isomers, presenting the ET→ * and ETn→ * charge transfers in the C5 and C4 isomers the higher 

values in both media while the higher values in the ET*→ * charge transfers are observed in the C5 and C3 

isomers in gas phase and in solution, respectively. Note that in solution, all the charge transfers increase their 

values, as expected because the atoms involved in these interactions are implicated in the H bonds formation. 

Here, the total stabilization energy could justify the higher solvation energy observed for C2 and the probable 

existence of C3 in solution.  

The topological properties for all isomers were also studied in both media by using AIM [55,56] calculations in 

order to investigate the intra-molecular interactions involved in the two rings and in the carboxamide groups. 

Thus, the electron charge density, () and the Laplacian of the electron density, 2(r), the eigenvalues (1, 2, 

3) of the Hessian matrix and the 1/3 ratio in the bond critical points (BCPs) and the ring critical points (RCPs) 

were calculated at B3LYP/6-31G* level and the results can be seen from Tables 10 to 14. The 1/3 ratio allows 

the description of the character of interaction between atoms because when 1/3 > 1 and 2(r) < 0 the 

interaction is typical of covalent bonds (called shared interaction) with high values of (r) and 2(r) while when 

1/3 < 1 and 2(r) > 0 the interaction is called closed-shell interaction and is typical of ionic, highly polar 

covalent and hydrogen bonds as well as of the van-der-Waals and specific intermolecular interactions [58-63]. 

Table 10 shows for C1 in gas phase three BCPs, the O25---H27, N5---H29 and O18---H10 interactions and five 

RCPs while in C2 only one in gas phase (O25---H27) while in C2 there are two BCPs (H4--H24 and O25--H27) 

and five RCPs. Thus, the stability of C2 increases in solution. For C3 in both media are observed two BCPs (H4--

H24 and O25--H27) and five RCPs solution while only one BCP is expected for C4 in both media. Table 14 shows 

two BCPs (H18--H4 and O25--H27) and four RCPs in C5. The topological properties of the ribofuranosyl ring of 

all isomers (RCP1) present the higher changes in relation to the triazole rings (RCP2) but the values are lower 

for C3 than the other ones. This analysis clearly shows that C1, C2, C3 and C5 due to their stabilities could be 

expected in gas phase and in solution and, for these reasons, the B3LYP/6-31G* force fields and frequencies 

calculations for ribavirin in both media could be calculated by using all those structures but, here, only those 

two C2 and C5 structures experimentally observed in the solid phase are considered in the vibrational study. 

Table 10. Analysis of the topological properties for the C1 isomer of ribavirin in both by using the hybrid B3LYP 

level of theory. 
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Parameter 

(a.u.) 

Gas phase 

RPC1 RPC2 O25--H27 RPC3 N5--H29 RCP4 O18--H10 RCP5 

(rc) 0.0582 0.0389 0.0241 0.0216 0.0220 0.0105 0.0059 0.0057 

2(rc) 0.4824 0.2772 0.0916 0.1264 0.0672 0.0404 0.0248 0.0260 

1 -0.0732 -0.0428 -0.0291 -0.0208 -0.0272 -0.0083 -0.0061 -0.0051 

2 0.2691 0.1555 -0.0231 0.0331 -0.0251 0.0170 -0.0031 0.0040 

3 0.2863 0.1644 0.1438 0.1142 0.1197 0.0317 0.0340 0.0273 

1 /3 0.2557 0.2603 0.2024 0.1821 0.2272 0.2618 0.1794 0.1868 

Parameter 

(a.u.) 

Aqueous Solution 

RPC1 RPC2 O25--H27 RPC3 N5--H29 RCP4   

(rc) 0.0584 0.0389 0.0233 0.0212 0.0204 0.0093   

2(rc) 0.4836 0.2768 0.0856 0.1192 0.0604 0.0368   

1 -0.0736 -0.0426 -0.0283 -0.0209 -0.0250 -0.0074   

2 0.2668 0.1553 -0.0213 0.0304 -0.0238 0.0154   

3 0.2903 0.1643 0.1352 0.1098 0.1093 0.0288   

1 /3 0.2742 0.2593 0.2093 0.1903 0.2287 0.2569   

Table 11. Analysis of the topological properties for the C2 isomer of ribavirin in both by using the hybrid B3LYP 

level of theory. 

Parameter 

(a.u.) 

Gas phase    

RPC1 RPC2 O25--H27 RPC3    

(rc) 0.0579 0.0388 0.0219 0.0205    

2(rc) 0.4804 0.2732 0.0848 0.1144    

1 -0.0727 -0.0427 -0.0253 -0.0195    

2 0.2660 0.1536 -0.0181 0.0253    

3 0.2871 0.1625 0.1284 0.1087    

1/3 0.2532 0.2628 0.1970 0.1794    

Aqueous Solution 

Parameter 

(a.u.) 

RPC1 RPC2 O25--H27 RPC3 H4--H24 RCP9 RCP10 

(rc) 0.0583 0.0387 0.0214 0.0201 0.0045 0.0032 0.0035 

2(rc) 0.4824 0.2736 0.0820 0.1104 0.0164 0.0112 0.0136 

1 -0.0733 -0.0430 -0.0249 -0.0194 -0.0036 -

0.0005 

-0.0015 

2 0.2655 0.1543 -0.0173 0.0241 -0.0033 0.0048 0.0048 

3 0.2901 0.1624 0.1242 0.1056 0.0232 0.0070 0.0104 

1/3 0.2527 0.2648 0.2005 0.1837 0.1552 0.0714 0.1442 

Table 12. Analysis of the topological properties for the C3 isomer of ribavirin in both by using the hybrid B3LYP 

level of theory. 

Parameter 

(a.u.) 

Gas phase 

RPC1 RPC2 O25-

H27 

RPC3 O25-H4 RCP6 

(rc) 0.0580 0.0380 0.0205 0.0197 0.0092 0.0058 

2(rc) 0.4808 0.2704 0.0812 0.1060 0.0352 0.0264 

1 -0.0728 -0.0423 -0.0233 -0.0189 -0.0090 -0.0026 

2 0.2659 0.1528 -0.0146 0.0198 -0.0062 0.0062 

3 0.2877 0.1598 0.1193 0.1052 0.0505 0.0227 

1 /3 0.2530 0.2647 0.1953 0.1797 0.1782 0.1145 

Aqueous Solution 



Journal of Advances in chemistry Vol 16 (2019) ISSN: 2321-1091          https://cirworld.com/index.php/jac 

6339 

Parameter 

(a.u.) 

RPC1 RPC2 O25-

H27 

RPC3 O25-H4 RCP6 

(rc) 0.0584 0.0381 0.0236 0.0214 0.0075 0.0058 

2(rc) 0.4832 0.2704 0.0868 0.1204 0.0296 0.0252 

1 -0.0735 -0.0424 -0.0289 -0.0212 -0.0065 -0.0027 

2 0.2664 0.1532 -0.0219 0.0313 -0.0030 0.0049 

3 0.2905 0.1595 0.1375 0.1103 0.0393 0.0231 

1 /3 0.2530 0.2658 0.2102 0.1922 0.1654 0.1169 

Table 13. Analysis of the topological properties for the C4 isomer of ribavirin in both by using the hybrid B3LYP 

level of theory. 

Parameter 

(a.u.) 

Gas phase 

RPC1 RPC2 O25-H27 RPC3 

(rc) 0.0581 0.0387 0.0239 0.0216 

2(rc) 0.4812 0.2764 0.0880 0.1232 

1 -0.0730 -0.0426 -0.0290 -0.0211 

2 0.2662 0.1557 -0.0224 0.0322 

3 0.2880 0.1632 0.1395 0.1122 

1 /3 0.2535 0.2610 0.2079 0.1880 

Parameter 

(a.u.) 

Aqueous Solution 

RPC1 RPC2 O25-H27 RPC3 

(rc) 0.0584 0.0390 0.0211 0.0200 

2(rc) 0.4828 0.2768 0.0800 0.1076 

1 -0.0735 -0.0428 -0.0245 -0.0194 

2 0.2656 0.1560 -0.0166 0.0231 

3 0.2909 0.1637 0.1211 0.1040 

1 /3 0.2527 0.2614 0.2023 0.1865 

Table 14. Analysis of the topological properties for the C5 isomer of ribavirin in both by using the hybrid B3LYP 

level of theory. 

Parameter 

(a.u.) 

Gas phase 

RCP1 RCP2 018--H4 RCP7 O25-H27 RCP8 

(rc) 0.058 0.0387 0.0081 0.0058 0.0259 0.0225 

2(rc) 0.4820 0.2756 0.0296 0.0260 0.0972 0.1348 

1 -0.0728 -0.0428 -0.0081 -0.0037 -0.0321 -0.0218 

2 0.2648 0.1536 -0.0073 0.0124 -0.0263 0.0376 

3 0.2899 0.1648 0.0451 0.0174 0.1557 0.1191 

1 /3 0.2511 0.2597 0.1796 0.2126 0.2062 0.1830 

Parameter 

(a.u.) 

Aqueous Solution 

RCP1 RCP2 O18-H4 RCP7 O25-H27 RCP8 

(rc) 0.0585 0.0388 0.0062 0.0049 0.0220 0.0205 

2(rc) 0.4840 0.2756 0.0232 0.0224 0.0840 0.1140 

1 -0.0735 -0.0430 -0.0060 -0.0027 -0.0258 -0.0197 

2 0.2654 0.1543 -0.0052 0.0089 -0.0185 0.0260 

3 0.2921 0.1642 0.0343 0.0163 0.1284 0.1077 

1 /3 0.2516 0.2619 0.1749 0.1656 0.2009 0.1829 

3.4. HOMO-LUMO and descriptors of ribavirin 
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The reactivity and behaviour of ribavirin were predicted in both media in order to know the nature of the 

interactions with electrophiles and/or nucleophiles because the presence of ribofuranosyl and triazole rings and 

of the carboxamide groups in this species confer to it its antiviral properties. Therefore, for all isomers, the 

HOMO and LUMO orbitals, energy band gap, chemical potential (μ), electronegativity (χ), global hardness (η), 

global softness (S) and global electrophilicity index (ω) descriptors were calculated in both phases by using the 

B3LYP/6-31G* method. The results and the equations used to compute the descriptors can be seen in Table 15 

while the gap and descriptors values corresponding to other antiviral agents with different structures in Table 

16 are presented [14,46-48]. The comparisons are very interesting taking into account that all these compounds 

have five and six member’s rings in their structures. Comparing the energy band gaps for both conformers of 

ribavirin, we observed that C1 has the lowest gap for which is the most reactive isomer in both media while C5 

is the less reactive in both media. When these values are compared with those reported for thymidine [14], 

zalcitabine [46] and trifluoromethyluracyl (TFMU) [47], we observed that all isomers of ribavirin present values 

similar to TFMU but notably different from cidofovir and brincidofovir [48]. Here, it is very important to mention 

that the gap value observed for C5 is similar to that value obtained for ribavirin by using B3LYP/6-311++G** 

calculations by Rizwana et al [22]. 

Table 15. Calculated HOMO and LUMO orbitals. energy band gap. chemical potential (μ). electronegativity (χ). 

global hardness (η). global softness (S). global electrophilicity index (ω) and global nucleophilicity index (E) for 

the most stable isomers of ribavirin at B3LYP/6-31G* level of theory. 

Gas phase 

Orbitals [eV] C1 C2 C3 C4 C5 

HOMO (64) -6.7958 -6.6991 -6.6134 -6.7501 -6.5337 

LUMO (65) -0.9530 -0.7560 -0.6227 -0.8380 -0.5205 

GAP -5.8428 -5.9431 -5.9907 -5.9121 -6.0132 

Descriptors  

 = - [E(LUMO)- E(HOMO)]/2 

(eV) 

-2.9214 -2.9716 -2.9953 -2.9560 -3.0066 

 = [E(LUMO) + E(HOMO)]/2 

(eV) 

-3.8744 -3.7276 -3.6180 -3.7940 -3.5271 

 = [E(LUMO) – E(HOMO)]/2 

(eV) 

2.9214 2.9716 2.9953 2.9560 3.0066 

S = ½ (eV) 0.1712 0.1683 0.1669 0.1691 0.1663 

 = 2/2 (eV) 2.5691 2.3379 2.1851 2.4348 2.0688 

 =   -11.3187 -11.0766 -10.8370 -11.2151 -10.6046 

Aqueous Solution 

HOMO (64) (a.u.) -6.6909 -6.5623 -6.4164 -6.5685 -6.3560 

LUMO (65) (a.u.) -0.9510 -0.7435 -0.5260 -0.7686 -0.4484 

GAP -5.7399 -5.8188 -5.8904 -5.7999 -5.9076 

Descriptors  

 = - [E(LUMO)- E(HOMO)]/2 

(eV) 

-2.8700 -2.9094 -2.9450 -2.8999 -2.9538 

 = [E(LUMO) + E(HOMO)]/2 

(eV) 

-3.8210 -3.6529 -3.5012 -3.6685 -3.4022 

 = [E(LUMO) – E(HOMO)]/2 

(eV) 

2.8700 2.9094 2.9450 2.8999 2.9538 

S = ½ (eV) 0.1742 0.1719 0.1698 0.1724 0.1693 

 = 2/2 (eV) 2.5435 2.2932 2.0812 2.3204 1.9593 

 =   -10.9659 -10.6277 -10.3110 -10.6383 -10.0494 

Obviously, the presence of the oxopyrimidin rings together to the oxymethylphosphonic and oxymethyl-(3-

hexadecoxypropoxy)phosphinic acid side chains in cidofovir and brincidofovir generate a notable decreasing in 

the gap values and, for these reasons, both cidofovir and brincidofovir species present higher reactivities than 

ribavirin. Analyzing the descriptors of ribavirin, we observed that in accordance with their reactivities C1 present 

lower chemical hardness η than the other ones in both media while when the values are compared with the 
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corresponding to the antiviral thymidine [14], zalcitabine [46] and trifluoromethyluracyl [47] the values are 

similar among them but different from brincidofovir [48]. 

Evidently, the large side chain together with the presence of the oxymethylphosphonic ring increase the 

reactivity of brincidofovir because modify their chemical properties, as reported by Romani and Brandán [48]. 

The effect of the different groups and rings in the structures have influence on both global electrophilicity ω 

and nucleophilicity  index values, as observed in Tables 15 and 16. Thus, the uracil ring and the CF3 groups in 

TFMU and the oxymethylphosphonic ring and the large -(CH2)3-O-(CH2)15-CH3) side chain in brincidofovir 

generate the higher ω values, however, the higher  values are observed for both conformers of ribavirin and 

TFMU. Thus, the ω values decreasing in the following order: TFMU > brincidofovir > ribavirin > zalcitabine > 

thymidine > cidofovir while the  values decrease according the order: TFMU > ribavirin > thymidine > 

zalcitabine > cidofovir > brincidofovir. This study shows: (i) that a molecule with two five members ring (ribavirin) 

has lower reactivity than those with a six members ring (cidofovir, brincidofovir, TFMU) or those with two 

different rings of five and six members as thymidine and zalcitabine and (ii) that the presence of a CF3 group in 

the structure of a antiviral agent decrease their reactivity but increase the electrophilicity and nucleophilicity 

index values. 

Table 16. Calculated HOMO and LUMO orbitals, energy band gap, chemical potential (μ), electronegativity (χ), 

global hardness (η), global softness (S), global electrophilicity index (ω) and global nucleophilicity index (E) for 

some antiviral agents at B3LYP/6-31G* level of theory. 

B3LYP/6-31G* 

Orbitals 

[eV] 

Zalcitabinea thymidineb TFMUc Cidofovird Brincidofovird 

HOMO -6.1138 -6.1061 -7.5234 -5.9366 -5.9366 

LUMO -0.7543 -0.6313 -1.7132 -0.6401 -1.772 

GAP -5.3595 -5.4748 -5.8102 -5.2965 -3.7715 

Descriptors 

  -2.6798 -2.7374 -2.9051 -2.6483 -1.8858 

  -3.4341 -3.3687 -4.6183 -3.2884 -3.6578 

  2.6798 2.7374 2.9051 2.6483 1.8858 

S  0.1866 0.1827 0.1721 0.1888 0.2651 

  2.2003 2.0728 3.6709 2.0416 3.5474 

  -9.2024 -9.2215 -13.4166 -8.7084 -6.8976 

aFrom Ref [46], bFrom Ref [14],cFrom Ref [47],dFrom Ref [48] 

3.5. Vibrational analysis 

Experimentally, only the structures of two C2 and C5 isomers were observed by X-ray diffraction in solid phase 

[50] and both were predicted by calculations, for these reasons, in this analysis we have considered those two 

optimized structures. The available experimental infrared spectrum for ribavirin in solid phase was taken from 

Ref [19] while the Raman spectrum used was that available from the literature [22]. Both spectra are compared 

with the corresponding predicted for C2 and C5 calculated in gas phase by using the B3LYP/6-31G* method in 

Figures 7 and 8, respectively. For both conformers are expected 81 normal vibration modes where all the modes 

are active in the IR and Raman spectra. The predicted spectra for C2 and C5 show some bands most intense 

than the experimental one, however, resulting IR spectrum for a population relation C2:C5 of 1:1 for each isomer 

reproduces better some bands of experimental spectrum, as indicated in Figure 9.  
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Figure 7. Experimental infrared spectrum in the 

solid state of ribavirin taken from Ref [19] 

compared with the corresponding predicted for C2 

and C5 conformers by using B3LYP/6-31G* level of 

theory. 

 

Figure 8. Experimental Raman spectrum  in the solid 

state of ribavirin taken from Ref [22] compared with the 

corresponding predicted for C2 and C5 conformers by 

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

 

Figure 9. Comparison between the infrared 

experimental spectrum of ribavirin with the 

calculated infrared spectra for C2 and C5 isomers 

from B3LYP/6–31G∗ wavenumbers and intensities 

using Lorentzian band shapes (for a population 

relation C2:C5 of 1:1 for each isomer). 

In Table 17 are summarized the experimental and 

calculated wavenumbers for all the normal vibration 

modes of C2 and C5 in both media by using 6-31G* 

basis set together to the corresponding assignments. 

These assignments were performed taking into 

account the results of the SQM/B3LYP/6-31G* 

calculations, previous assignments [22] and 

assignments reported for antiviral agents with similar 

groups [14-18,46-48]. In general, in the IR spectra in 

solution some bands are enlarged and shifted toward 

lower wavenumbers as consequence of the hydration 

of the OH groups, as also was observed for thymidine 

[14]. The displacement of the bands as a consequence 

of hydration can be easily seen in Table 17 and, in 

particular, those bands associated to the C=O 

stretching modes due to the H bonds. Here, the 

differences observed between the experimental 

spectra registered in solid phase and the 

corresponding predicted could be attributed to the 

calculations performed in gas phase where the 

molecules are isolated while in the solid phase the 

crystal packing forces are important and, they were not 

considered here. Below, we have discussed the 

assignments for some vibration modes. 
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Table 17. Observed and calculated wavenumbers (cm-1) and assignments for the C2 and C5 isomers of ribavirin 

in gas phase and in aqueous solution 

IRb Rac 
C2a C5a 

Gas phase Aqueous solution Gas phase Aqueous solution 

SQMd Asignment SQ

Me 

Asignment SQ

Md 

Asignment SQMe Asignment 

  3614 O25-H28 359

5 

O25-H28 361

8 

O25-H28 3593 O25-H28 

3449s  3575 aNH2 355

8 

O18-H29 359

9 

O18-H29 3586 O18-H29 

  3567 O18-H29 354

7 

aNH2 357

1 

aNH2 3541 aNH2 

  3533 O23-H27 351

0 

O23-H27 352

2 

O23-H27 3503 O23-H27 

3347 3247w 3449 sNH2 343

1 

sNH2 344

5 

sNH2 3424 sNH2 

3257 3124m 3147 C1-H4 317

3 

C1-H4 316

4 

C1-H4 3176 C1-H4 

3164sh 3072w   299

9 

C13-H19   2997 C13-H19 

3117 3009s   299

3 

aCH2(C17)   2989 C16-H21 

3066w  2972 C12-H22 299

0 

C12-H22   2984 C12-H22 

2997sh  2966 aCH2(C17) 297

8 

C16-H21 297

8 

C13-H19 2977 C15-H20 

  2956 C13-H19 297

5 

C15-H20 297

3 

C12-H22   

2950s 2957vs 2933 C16-H21   296

9 

C16-H21   

2916sh 2929s 2929 C15-H20   293

0 

C15-H20 2942 aCH2(C17) 

 2901s   290

7 

sCH2(C17) 290

2 

aCH2(C17) 2906 sCH2(C17) 

2880sh 2877sh 2851 sCH2(C17)   286

5 

sCH2(C17)   

1657vs 1659m 1749 C7=O8 181

2 

wagNH2 174

6 

C7=O8 1663 C7=O8,N

H2 
1639sh 1627m 1562 NH2 164

4 

C7=O8 156

1 

NH2 1624 wagNH2 

1494 1508s 1489 N6-C1   147

6 

CH2   

1473sh 1488sh   147

5 

N6-C1 147

3 

N6-C1 1471 wagNH2,N

H2   1460 CH2 144

9 

CH2   1465 wagCH2 

1437w 1436w   144

8 

C12-H22 144

6 

wagCH2 1448 CH2 

1437w 1436w 1441 C2-C7 143

8 

C13-H19 143

8 

C2-C7 1443 wagNH2,N

H2   1430 C12-H22 142

9 

wagCH2   1430 C13-H19 

  1420 wagCH2 142

1 

wagCH2,N

H2 

141

7 

C13-H19 

O23-H27 

1422 wagNH2,N

H2 

  1405 C13-

H19,O23-H27 

  140

7 

C12-H22   

 1382sh 1389 C15C13O23 139

0 

C15C13O2

3 

139

2 

C15C13O2

3 

1395 C15-H20 

1386sh 1373m 1374 N3-C12 137

6 

N5-C2   1370 C16-H21 

  1363 C16-H21,CH2 136

5 

CH2 136

6 

C16-H21 1368 N5-C2 

1364w 1352sh 1356 N5-C2 135

8 

O23-H27 134

9 

C12-H22, 

´C13-H19 

  

1342 w  1335 O18-H29 134

2 

´C13-H19 

O18-H29 

134

1 

N5-

C2,N6-C2 

1348 O23-H27 

 1320w 1326 C16-H21 133

4 

C16-H21 131

5 

´C12-H22 1329 C12-H22, 

N6-

C1,N6-C2 

    131

4 

´C13-H19   1299 ´C16-H21 

1294 sh 1288w 1289 ´C13-H19 128

8 

´C12-H22 129

4 

´C16-H21 1297 ´C13-H19 

1277 1268sh 1275 ´C12-H22 

´C15-H20 

127

7 

´C15-H20 127

6 

´C13-H19 1282 ´C15-H20 

1274 sh  1264 ´C16-H21   127

3 

´C15-H20 1266 ´C12-H22 

  1261 N6-C2,N9-C7 126

2 

´C16-H21 125

8 

N9-C7 1251 CH2,wagN

H2   1245 C13-

H19,´C12-H22 
  124

9 

C13-H19, 

O23-H27 

1246 CH2 

1237 sh    123

6 

wagCH2,N

H2 

123

8 

CH2   
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1220 1233w     122

5 

N3-N5   

1213 sh  1202 C1-H4 120

9 

C13-O23   1208 N3-N5 

1193w 1193w 1193 CH2 119

5 

O18-H29   1204 C13-O23 

  1191 N3-N5 119

0 

N3-N5 119

4 

O18-H29 1196 O18-H29 

1183sh      118

2 

C1-

H4,N3-C12 

1172 O14-C12 

    116

2 

C1-H4   1166 C1-H4 

1147sh 1147sh 1155 O25-H28 115

5 

O25-H28     

1137      114

5 

O25-H28 1140 O25-H28 

1129sh 1121sh 1113 C13-O23       

1111w 1105sh   109

7 

O14-C12 110

9 

C13-O23   

1085sh 1089s 1086 C16-C17   109

0 

O14-C12   

1067vs 1073sh 1073 C17-O18 107

7 

N9-C7 108

0 

C15-O25 1071 C15-O25 

1067vs  1072 N9-C7 107

3 

C15-O25 

O25-H28 

107

2 
N9-C7 1067 NH2, 

N9-C7 1061sh  1060 C12-C13 106

2 

C16-C17 

C12-C13 

105

6 

C17-O18 1050 C16-C17 

1035s 1041s 1043 C17-O18 104

5 

C15-O25 103

5 

N3-C1 1042 C12-C13 

1035s  1036 C15-C16 102

4 

N3-C1, 

N6-C2 

103

1 
C12-C13 1027 R2(A2), 

N3-C1 
1035s 1024sh 1020 O14-C12   101

8 

C16-C17 1023 C15-C16 

1016sh 1014sh 1000 C15-O25 101

4 

C17-O18 

C15-C16 

100

3 

R2(A2),R1(

A2) 
  

 1002vw 996 R2(A2),R1(A2) 986 C17-O18 

C15-O25 

989 wCH2 986 R1(A52) 

972sh 960w   978 R1(A2),R2(

A2) 

  984 C17-O18 

957 948sh 955 O14-

C16,wCH2 

944 wCH2 951 C15-C16 953 wCH2 

911sh        908 C1-H4 

896 894w 871 C13-C15 872 C13-C15 879  C1-H4   

  851 N3C12C13 863 C1-H4   859 C13-C15 

849sh 839s 835 C1-H4   846 N3C12C13, 

C13-C15 

  

828s 839s 826 O14-

C16,wCH2 

834 N3C12C13 837 C13-C15 836 N3C12O14 

819sh 825sh   811 O14-C16 825 O14-C16 813 O14-C16 

771w 777w 792 C7=C8 788 wagCH2,N

H2 

792 C7=C8 785 wagNH2,N

H2 720sh 733w   723 R1(A1) 735 R1(A1) 729 R1(A1) 

690sh 695w 708 R1(A1)   707 
R2(A1), 

N3C12O14 

C13C15O2

5 

  

673m 677sh   670 R1(A2),C7=

C8 

670 R1(A2) 682 R2(A1) 

667sh  666 C7=O8 668 wagCH2,N

H2 

661 C7=O8 665 C7=C8 

  662 R1(A2) 665 wagCH2,N

H2 

  664 C7=O8,R1(

A2)  650vw 650 R2(A2)       

630sh  630 R2(A2) 

C13C15O25 

638 R2(A2) 635 R2(A2) 642 R2(A2) 

609w 600w   611 
R2(A1)  

C15C13O2

3 

603 
C15C13O2

3, 

R2(A1) 

609 
C15C13O2

3 

584w 586sh 591 R2(A1)       
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571w 554sh 554 C17C16O14 556 C17C16O1

4 

C2-C7 

554 C2-C7 557 C2-C7 

C17C16O1

4 537w 532w 531 C17C16O14 

C2C7N9 

530 wNH2 516 C17C16O1

4 
518 C17C16O1

4 

C16C15O2

5 

478sh 467w 510 wNH2 525 wNH2,wag

NH2 

514 wNH2 507 wNH2 

443sh 437w 431 
C12C13O23 

C2C7N9 

432 
C2C7N9, 

C7=O8,C

2-C7 

436 C2C7N9 433 
C2C7N9 

C2-C7 

421sh  423 O23-H27, 

C2C7N9 

426 C12C13-

O23 

    

413sh  416 O18-H29   416 O23-H27   

413sh 409sh 414 O23-H27     407 N3C12C13 

 397w   389 O23-H27 393 N3C12C13 384 C12C13O2

3  370sh   379 O23-H27 375 C12C13O2

3 

368 O23-H27 

 359m 358 C15-C16 

C16C15O25 

350 O18-H29   348  N3-C12 

C12C13O2

3 
    342 N3C12O14 341 C12C13-

O23 

C13C15O2

5 

  

 337sh 339 C16C15O25   337 C16C15O2

5 

  

 314sh 317 C17C16O14 

C16C15O25 

    322 C17C16O1

4 

    305 C16C15O2

5 

308 C15C13O2

3 

  

 276w 279 C13C15O25 

C15C13O23 

279 NH2,wagN

H2 

281 C16O17O1

8 

288 C12C13O2

3 

  268 C12C13O23 260 C13C15O2

5 

262 O18-H29 260 C13C15O2

5  232sh 230 N3C12O14 235 NH2wagN

H2 
232 N3C12O14 

C17C16O1

4 

237 O18-H29 

 218w   225 NH2,wagN

H2 

  225 NH2,wagN

H2   199 O25-H28 197 NH2,wagN

H2 

216 wagNH2 195 C2C7 

 190sh     189 C2C7 194 C15C16C17 

C16C15O2

5 
 176w 185 C2-C7 186 C15C16C1

7 

C16O17O1

8 

187 C15C16C1

7 

184 NH2, 

wagNH2  158sh 168 C15C16C17 

C16O17O18 

  156 O25-H28 173 O25-H28 

 142vs 152 wagNH2 149 O25-H28   142 R2(A1) 

 142vs   133 C16-C17 135 R2(A1), 

C16-C17 

  

 114sh 126 
C2-C7,N3-

C12 
122 N3-C12 107 

C16-C17, 

N3-C12 

120 
N3-C12, 

C2-C7 
 102sh 108 C16-C17 100 N3-C12   92 C16-C17 

 75sh 84 N3-C12 83 R1(A1) 83 N3-C12 79 N3-C12 

  66 R2(A1),R1 (A1)   67 R2(A1)   

 55sh   57 wC2-C7 56 R1(A1) 53 R1(A1) 

  35 wC2-C7 46 wN3-C12 37 wC2-C7 39 wC2-C7 
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  28 R2(A1),R1(A1) 26 R2(A1)   31 wN3-C12 

  8 wN3-C12   17 wN3-C12   

, stretching; , scissoring; wag, wagging or out- of plane deformation; , rocking; , torsion, twist, twisting; a, 

antisymmetric; s, symmetric ; ip, in-phase; op, out-of-phase; R, ring; A1, triazole ring; A2, sugar ring. 

aThis work, bFrom Ref [19], cFrom Ref [22], dFrom scaled quantum mechanics force field B3LYP/6-31G*, eFrom 

scaled quantum mechanics force field PCM/B3LYP/6-31G* 

3.5.1. Assignments 

3.5.1.1. OH modes. In both C2 and C5 isomers of ribavirin, three OH stretching modes are expected. Hence, 

the strong and broad IR band at 3449 cm-1 can be associated to the OH stretching modes of deoxyribose ring, 

because these modes are predicted by SQM calculations between 3618 and 3503 cm-1, as observed in Table 17 

and as was reported for thymidine [14,18]. Note that these modes in solution are slightly predicted toward lower 

wavenumbers, as a consequence of hydration. The OH in-plane deformation modes were predicted between 

1358 and 1073 cm-1, hence, these modes are assigned to the bands observed in this region, as was observed in 

similar compounds [14-18,33,35-39,41,46-48]. In isomers of thymidine these modes were assigned to IR bands 

observed between 1288 and 1173 cm-1 [14,18] while the out-of-plane deformation modes or torsion modes 

were predicted by calculations between 423 and 149 cm-1. Then, these modes were assigned accordingly.  

3.5.1.2. CH modes. The only aromatic C1-H4 stretching modes belonging to the triazole rings of both isomers 

of ribavirin are predicted by SQM calculations at higher wavenumbers than the corresponding to deoxyribose 

rings and, obviously, they are clearly assigned to the Raman band of the medium intensity at 3124 cm-1. The 

aliphatic C-H stretching modes belonging to the deoxyribose rings are predicted between 2999 and 2939 cm-1, 

for which, they were assigned, as detailed in Table 17. The remaining vibration modes expected for these groups 

were assigned as predicted by calculations.  

3.5.1.3. NH2 modes. For the C2 and C5 isomers of ribavirin, two antisymmetric and symmetric stretching modes 

are expected. Here, the antisymmetric modes were predicted in the OH stretching modes region while the 

symmetric stretching modes were predicted at lower wavenumbers than the OH stretching ones. Thus, the IR 

bands at 3449 and 3347 cm-1 can be easily assigned to these modes, as reported for isomers of emtricitabine 

[17]. The deformation and rocking modes in isomers of emtricitabine were assigned at 1586 cm-1 and 1064/1040 

cm-1, respectively while these modes in ribavirin are predicted between 1663 and 1421 cm-1 and, for these 

reasons; they are assigned in this region. In isomers of emtricitabine [17] the twisting modes were assigned 

between 539 and 503 cm-1 while the wagging modes were predicted between 192 and 108 cm-1. Here, the 

wagging modes were predicted by SQM calculations at higher wavenumbers (1812/1421 cm-1) than the isomers 

of emtricitabine. In these latter isomers, the wagging modes are strongly shifted at lower wavenumbers due 

probably to the proximities of NH2 groups with the C-F bonds [17]. In C2 and C5 of ribavirin the wagging modes 

are also predicted in different regions and coupled with deformation NH2 modes (1443/1421/1236/788/668 cm-

1).  

3.5.1.4. CH2 modes. The stretching modes in thymidine were predicted by B3LYP calculations between 3034 

and 2851 cm-1 [14,18] while in ribavirin in both media these modes are predicted in different regions. Hence, 

these modes in both C2 and C5 isomers are associated to the IR and Raman bands observed between 2993 and 

1851 cm-1. Here, the scissoring, wagging, rocking and twisting modes for both isomers of ribavirin were 

respectively assigned to the IR and Raman bands at 1476/1443, 1465/1420, 1365/1193 and 955/507 cm-1, as 

predicted by SQM calculations and, as was reported in molecules containing these groups [14-18, 33,35-

39,41,46-48].  

3.5.1.5. Skeletal modes.  
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In isomers of thymidine, the C=O stretching modes in gas phase were predicted by SQM calculations at higher 

wavenumbers than in aqueous solution due probably to their hydrations. In both isomers of ribavirin, these 

modes are predicted in C2 and C5 in gas phase at 1749 and 1746 cm-1, respectively while in solution are 

predicted at 1644 and 1663 cm-1. Thus, the intense IR band and the shoulder at 1657 and 1639 cm-1 can be 

assigned to these vibration modes. The N6=C1 stretching modes of triazole rings are predicted by the SQM 

calculations in both isomers at higher wavenumbers than the corresponding to N6-C2 stretching modes, hence, 

clearly double bond characters are observed in the N6=C1 bonds while partial double bonds character are 

predicted for the second ones. The C2-C1 stretching inter-rings are predicted in both C2 and C5 isomers at 

notably higher wavenumbers (1441/1438 cm-1) than in aqueous solution (432/433 cm-1) and, for these reasons, 

they are clearly influenced by the hydrations on both NH2 and C=O groups. Hence, these modes in both isomers 

of ribavirin are assigned as predicted by calculations. After all, the remaining skeletal modes including 

deformations and torsions of triazole and deoxyribose rings are assigned, as predicted by calculations and, in 

accordance to similar species [14-18,46-48].  

4. Force fields 

The scaled force fields for both isomers of ribavirin at the B3LYP/6-31G* level of theory were used to compute 

the harmonic force constants in gas and in aqueous solution by using the SQM procedure and the Molvib 

program [44,45]. The results can be seen in Table 18 compared with those reported for the most stable C6 

isomer of entricitabine [17]. Here, it is necessary to clarify that the force constants of ribavirin were not compared 

with those constants reported for zalcitabine because its structure has a pyrimidine ring instead triazole ring. In 

general, it is observed that the f(O-H), f(NH2) and f(C=O) force constants of ribavirin and emtricitabine isomers 

present a slight decreasing in solution, in relation to their values calculated in gas phase, probably due to the 

hydration of the groups involved. The force constants f(C-O)OH related to the OH groups increase in solution 

in both isomers of ribavirin while in emtricitabine in the same medium is observed a decrease in the values from 

5.27 mdyn Å-1 in gas phase to 5.11 mdyn Å-1 in solution. Probably, in ribavirin, the increase could be related to 

higher number of OH groups while in emtricitabine the decrease is attributed to the H bonds formation. On the 

other hand, the f(C-N) force constant value slightly increases in solution but in both isomers of ribavirin in the 

same medium decrease their values, in relation to the values in gas phase. Here, the absence of an S atom in 

the deoxyribose ring could generate those decreases in the values of both isomers of ribavirin. 

Table 18. Scaled force constants for the stable conformers of ribivirin in gas and aqueous solution phases 

 

Force constant 

B3LYP/6-31G*a 

Ribavirina Emtricitabineb 

Gas phase Aqueous solution Gas phase Aqueous solution 

C2 C5 C2 C5 C6 C6 

f(O-H) 7.14 7.17 7.07 7.09 7.07 7.09 

f(NH2) 6.85 6.83 6.75 6.72 6.88 6.80 

f(CH2) 4.67 4.59 4.75 4.72   

f(C-H)Fu 4.78 4.83 4.90 4.90 4.89 4.97 

f(C-H)Tr 5.42 5.47 5.50 5.51 5.41 5.44 

f(C=O) 11.92 11.88 10.40 10.41 11.22 9.81 

f(C-O)Fu 4.35 4.67 4.50 4.96 4.54 4.97 

f(C-O)OH 5.21 5.15 5.63 5.60 5.27 5.11 

f(C-N)Tr 6.97 6.93 6.82 6.81 6.05 6.10 

f(C-C)Fu 3.74 3.72 3.83 3.79 3.84 3.89 

f(N-N)Tr 5.76 5.85 5.50 5.59   

f( H-C-H) 0.81 0.83 0.80 0.81   
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f( C-O-H) 0.76 0.75 0.77 0.75   

, stretching;  angle deformation. 

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

aThis work, bFrom Ref [17]. 

Conclusions 

In this work, the molecular structures of five stable isomers (from C1 to C5) of antiviral ribavirin agent were 

theoretically determined in gas and aqueous solution phases by using the hybrid B3LYP/6-31G* method. Here, 

the solvent effects in aqueous solution were studied with the self consistent reaction field (SCRF) methodology 

employing the polarized continuum (PCM) and the universal solvation model (SM). The structural, electronic and 

topological properties were reported for all isomers while the vibrational analyses were performed only for those 

two polymorphic structures experimentally observed in the solid phase by X-ray diffraction. B3LYP/6-31G* 

calculations have evidenced that C2 correspond to the polymorphic V1 structure while C5 to the polymorphic 

V2 structure. Probably, the higher dipole moment values observed for C2 and C5 in both media could explain 

their presences in the solid phase despite their low populations in both media. Possibly, the low population 

observed in C2 could be attributed to the proximities between the more electronegative N---O atoms. Here, the 

81 vibration modes expected for C2 and C5 in both media were completely assigned. Experimental available 

infrared and Raman spectra of ribavirin in the solid state and the normal internal coordinated were employed 

together with the corresponding SQMFF force fields and the Molvib program to perform the complete 

vibrational assignments in both media. The force constants for C2 and C5 were also obtained and compared 

with the values reported for the antiviral emtricitabine agent. The most negative solvation energies are 

evidenced for both C2 and C5 isomers of ribavirin than the other ones. The frontier orbital study reveals that C1 

is the most reactive isomer while C5 is the less reactive in both media. All isomers of ribavirin show values similar 

to antiviral trifluoromethyluracyl but notably different from antivirals cidofovir and brincidofovir. Here, the gap 

value observed for C5 is in agreement with the value obtained recently for ribavirin by using B3LYP/6-311++G** 

calculations. The comparisons with antiviral agents show that the electrophilicity index values decreasing in the 

following order: trifluoromethyluracyl > brincidofovir > ribavirin > zalcitabine > thymidine > cidofovir while the 

nucleophilicity index values decrease according the order: trifluoromethyluracyl > ribavirin > thymidine > 

zalcitabine > cidofovir > brincidofovir. 
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