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INTRODUCTION 
Cocaine is a drug of abuse broadly known and studied from 
different points of view [1-16], being their IUPAC name, Methyl 
(3S)-3-(benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]octane-2-
carboxylate. The structures of this alkaloid as free base and as 
hydrochloride were already reported by Hrynchuk et al. [2] and 
Gabe and Barnes, respectively [1]. The pharmacological and 
medicinal properties that have these tropyl alkaloids are attributed 
to the tertiary nitrogen atom belonging to the >N-CH  group, as 3

reported in the literature [17-28]. The identification of this drug in 
all media is of interest, in general for the forensic science in order 
to avoid their adulteration and abuse, and, in particular for the 
human health because their use is strongly associated with 
bronchiolitis obliterans organizing pneumonia [3] and with elicits 
autophagic cytotoxicity via a nitricoxide, as was recently reported 
that high doses of cocaine cause your brain cells to kill themselves 
[16]. Vibrational spectroscopy is the technique most used to 
identify cocaine because it is no destructive, quick, and with few 
quantity of sample the infrared and Raman spectra can be easily 
recorded [5,10,11-15]. Thus, the Horizontal Attenuated Total 
Reflectance (HATR), FT-IR and FT-Raman spectra were used by 
different authors to quantify mixed of cocaine based on the 
principal component regression (PCR) [5,29] or simply to identify it 
using a fast screening method [30,31]. In some cases, the main 
functional groups of cocaine were identified but, so far, the 
complete assignments of their vibrational spectra were not 
reported. Probably, the presence in all tropane alkaloids of a 
bicyclic (N-methyl-8-a-zabicyclo[3.2.10]octane) structure 
constituted by two fused piperidine and pyrrolidine rings is the 
major difficult to assign all bands observed in their corresponding 
vibrational spectra. At the moment, taking into account that the 
normal internal coordinates were recently elucidated for the 
alkaloid tropane [32] it is possible to perform the complete 
vibrational analyses of the three cocaine forms, as free base, 
cationic and hydrochloride, based on their force fields and by using 
the SQM methodology. Such studies are important because, as 
reported by Lazny et al. [33], the tropane derivatives at room and 
low temperature undergo fast N-methyl inversion in aqueous and 
methanol solutions. Hence, the aims of this work are: (i) to 
optimize the three cocaine structures, as free base, cationic and 
hydrochloride by using the hybrid B3LYP/6-31G* method [34,35] 
in gas and aqueous solution phases in order to observe if some of 
these species present N-methyl inversion in solution, (ii) to perform 
the complete vibrational analyses of these three species by using 
their experimental available infrared and Raman spectra, their 

normal internal coordinates and their corresponding force fields 
and finally, (iii) to compare their structural and electronic 
properties and force constants with those reported for the tropane 
alkaloid in both media. The predictions of the reactivities and 
behaviours of those three species in both media are of interest due 
to that all tropane alkaloids present anticholinergic activities, as 
suggested by Pauling and Datta [36], for these reasons, the 
frontier orbitals [37,38] and some descriptors were also calculated 
for those three species [39-41].

COMPUTATIONAL INFORMATION
The GaussView program [42] was used to model the cocaine 
structures as free base, cationic and hydrochloride in accordance 
to those experimental structures reported for the free base and 
hydrochloride forms [1,2]. Later, these structures were optimized 
by using hybrid B3LYP/6-31G* calculations with the Gaussian 09 
program [43]. In all structures, the piperidine rings were optimized 
in their most stable chair structure, as was experimentally observed 
for cocaine as free base and hydrochloride species [1,2] and also, in 
some tropane alkaloids [44-47]. Figure 1 shows the theoretical 
structures of cocaine as free base, cationic and hydrochloride and 
the atoms numbering while, in Figure 2 are observed these 
structures with the identifications of their three rings, which are, 
one benzyl and the fused piperidine and pyrrolidine rings 
belonging to the (N-methyl-8-a-zabicyclo[3.2.10]octane) systems. 

Figure 1. Molecular theoretical structures of different species of 
alkaloid cocaine: a) free base, b) cationic and, c) hydrochloride and 
the atoms numbering.
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The structural, electronic, topological and vibrational properties of the free base, cationic and hydrochloride species of cocaine in 
gas and aqueous solution phases have been studied from theoretical point of view by using hybrid calculations derived from the 
density functional theory (DFT). The experimental available ATR, FTIR, FTRaman and Terahertz spectra for the free base and the 
hydrochloride species, the corresponding normal internal coordinates together with the scaled quantum mechanical force field 
(SQMFF) approach were employed in order to perform the complete vibrational assignments of those three species of cocaine. 
The NBO and AIM calculations support the high stabilities observed for the cationic species while their higher gap energy could 
justify their low reactivities in both media. The O--O interactions predicted by AIM analysis for the hydrochloride species in both 
media could support the high reactivities of this species in both media, as suggested by their gap energy values. All properties and 
the force fields were calculated at the B3LYP/6-31G* level of theory. The force constants and the complete assignments of the 
123, 126 and 129 vibration normal modes expected for the free base, cationic and hydrochloride species respectively are reported 
for first time. In addition, the predicted IR spectrum for cocaine hydrochloride reveals that in the solid state this species is in their 
cationic form, as observed by the experimental IR spectrum. The cation cocaine in both media is most electrophilic and reactive 
than the cation tropane increasing notably their reactivity. However, the nucheophilicity indexes for the tropane alkaloid in both 
media are comparable to those observed for toxics substances as saxitoxin and cation pyridonium. Probably these results for 
tropane, different from cocaine species, suggest that the modifications in the stereochemistry of tropane generate a loss in their 
potency, as was reported in the literature

www.worldwidejournals.com 587



Figure 2. Perspective view of the molecule of cocaine in 
accordance to the experimental structure reported for the 
hydrochloride cocaine [1] with the atoms numbering and the 
identifications of the benzyl, piperidine and pyrrolidine rings.

Here, R1 correspond to the benzyl ring while R2 and R3 match to 
the piperidine and pyrrolidine rings, respectively. In solution, the 
calculations were performed at the same level of theory by using 
the self-consistent reaction field (SCRF) method with the integral 
equation formalism variant polarised continuum (IEFPCM) model 
[48,49] because both methods consider the solvent effects. On the 
other hand, the solvation energies for the three species were 
calculated with the solvation model [50], as implemented in the 
Gaussian program [43] while the volume variations in solution 
were computed with the Moldraw program [51] by using the same 
method. Additionally, the SQMFF procedure [52] together with 
the Molvib program [53] was employed to calculate the force fields 
for the three species. At this point, the normal internal coordinates 
corresponding to the tropane ring of the three species of cocaine 
were taken from those built for the alkaloid tropane [32] while the 
remaining coordinates for the benzyl ring and COO groups are 
similar to those reported for compounds containing these groups 
[40,41]. In this work, the atomic natural population (NPA) and the 
Merz-Kollman (MK) charges [54] were studied for the three species 
together with their topological properties. Hence, the natural 
bond orbital (NBO) and AIM2000 programs were also used to 
obtain the bond orders and the stabilization energies based on the 
main donor-acceptor energy interactions. Afterwards, the force 
fields were calculated for those three cocaine species in both 
media by using the B3LYP/6-31G* method, the SQMFF 
methodology [52] and the Molvib program [53]. The complete 
vibrational assignments were performed taking into account the 
Potential Energy Distribution (PED)  10%. The force constants for 
the free base, cationic and hydrochloride species of cocaine in both 
media were also calculated after to transform their force fields 
obtained in cartesian coordinates to normal internal coordinates. 
The HOMO-LUMO orbitals [37,38] and some known descriptors 
were also calculated for those three species [39-41] due to the 
recognized activities that present the alkaloid cocaine.

RESULTS AND DISCUSSION
Studies in gas phase and solution
Table 1 shows the total energies, dipole moments, volume 
variation and solvation energy for the free base, cationic and 
hydrochloride cocaine species calculated in gas and aqueous 
solution phases by using the hybrid B3LYP/6-31G* level of theory. 
Analyzing carefully the dipole moment values we observed that 
the cationic species present the higher values in both media, as can 
be seen in Figure S1. 

TABLE � 1
Calculated total energies (E), dipole moments (µ), volume 
variations (DV) and solvation energies (DG) for the free base, 
cationic and hydrochloride cocaine species in gas and aqueous 
solution phases.

Hence, the magnitudes and orientations of the corresponding 
vectors are completely different in the three species. Note that the 
cationic form is probably the most hydrated species in solution 
because it is a charged species. In relation to the volumes, the 
hydrochloride species present the higher values in both media 
where the free base and the cationic species show higher 
expansions in solution while a volume contraction is observed for 
the hydrochloride species. Here, the volume variations were 
calculated from the differences between the values in solution in 
relation to the values in gas phase with the Moldraw program [51]. 
On the other hand, the higher solvation energy is also observed for 
the cationic form, as expected due to their higher hydration. The 
solvation energy corrected values were calculated taking into 
account the total non electrostatic terms due to the cavitation, 
dispersion and repulsion energies, as calculated from the SMD 
model [50]. These results are in agreement with those observed for 
the tropane species where the hydrochloride form also present the 
higher volume variations due to the presence of the Cl atom in 
their structure [32]. From the same way, the free base of cocaine 
also presents the lower solvation energy values, as compared with 
the corresponding tropane species, in correlation with their low 
dipole moment values in both media. Table 1 shows a slightly 
increase of the dipole moment values for all the species in solution, 
as a consequence of their hydrations.

Structural study in gas phase and in aqueous solution
In Table 2 are summarized the theoretical geometrical parameters 
calculated for the free base, cationic and hydrochloride cocaine 
species in gas and aqueous solution phases compared with that 
experimental structure observed for cocaine hydrochloride in the 
solid phase by Gabe and Barnes [1] and with that experimental 
observed for the free base by Hrynchuk et al. [2]. The comparisons 
were performed by using the root mean square deviation (RMSD) 
values. When all calculated bond lengths in gas phase are 
represented for each species in Figure 2Sa as a function of the 
experimental hydrochloride values we observed little variations in 
all parameters but, when the C-O and N-C distances are graphed 
for the three species in Figure 2Sb and 2Sc slightly variations in 
the C15=O4, N5-C6 and N5-C7 distances are observed. Here, the 
higher variation observed in the RMSD values for the hydrochloride 
species in the gas phase from 0.030 Å to 0.800 Å in solution can be 
attributed to their volume contraction in this media, as observed in 
Table 1 because some bond lengths and angles decrease their 
values in solution. Regarding the bond angles calculated for the 
free base, cationic and hydrochloride cocaine species in gas phase 
at the B3LYP/6-31G* level of theory we observed significant 
variations for some angles in relation to the experimental ones, as 
observed in Figure S3. Thus, Figure S3a shows clearly that the 
C13-N5-C6 and C13-N5-C7 angles are practically the same in the 
three species but slightly different from the experimental ones 
while the free base presents the N5-C6-C9, N5-C7-C10 and C6-
C9-C10 angles different from the other two species including the 
experimental ones. On the other hand, Figure 3Sb shows the 
differences in the dihedral angles where, the C8-C6-N5-C13 and 
O4-C15-O1-C12 angles have the same values in the three species 
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B3LYP/6-31G*
Gas phase
Species E (Hartrees) µ (D) V (Å3)
Free base -1016.1192 1.55 321.0
Cation -1016.5254 9.57 322.5
H-Cl -1476.9360 7.45 353.2
PCM

E (Hartrees) µ (D) V (Å3) DV (Å3)
Free base -1016.1351 1.86 322.2 1.2
Cation -1016.6092 13.22 323.7 1.2
H-Cl -1476.9758 12.58 352.5 -0.7
Solvation energy (kJ/mol)

#DGu DGne DGc

Free base -41.70 28.51 -70.21
Cation -219.81 38.58 -258.39
H-Cl -104.39 38.20 -142.59
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but, in the hydrochloride species the C8-C14-O2-C16 angle is 
different from the observed in the other two species while the 
C17-C15-O1-C12 angle is different only in the cationic species. 
When the calculated dihedral C11-C12-O1-C15 angles for all 
species are compared with those observed for the two 
experimental structures the better correlation in both media are 
obtained for the free base, as expected because for hydrochloride 
the experimental angles are -73/-77 º. 

Charges, molecular electrostatic potentials and bond orders 
studies
For the three cocaine species in both media, the MK and NPA 
charges together with the molecular electrostatic potentials were 
studied by using B3LYP/6-31G* calculations. The results can be 
seen in Tables S1 and S2 (Supporting material). There are notable 
differences between both charges on the O and N atoms 
corresponding to the three species, as observed in Figure S4.
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TABLE � 2 Comparison of calculated geometrical parameters for the free base, cationic and hydrochloride cocaine species in gas and 
aqueous solution phases compared with the corresponding experimental ones for free base and hydrochloride cocaine.

Thus, the behaviours of the MK charges on the O and N atoms are 
negative and practically similar for the free base and the cationic 
species but, for the hydrochloride the MK charge on the N atom 
change to a positive value. Note that the higher MK charges are 
observed in all species on the O3 atoms. Analyzing the NPA 
charges from Figure S4 we observed that these charges on the O 
and N atoms corresponding to the free base and the hydrochloride 
species are similar but, for the cationic species, the NPA charge on 
the O2 is less negative than the other ones while the charges on 
the O3 atom is most negative than the other ones. On the other 
hand, the NPA charges on the N atoms of the three species present 
practically similar values. When the MK charges on the C atoms 
corresponding to the pyrrolidine and piperidine rings are graphed 
for the three species in Figure S5 we can observe some interesting 
differences. The behaviours of the MK charges on the C atoms in 
the two rings are similar for the free base and the cationic species 
while for the hydrochloride species the values on the C6, C7 and 
C8 atoms change notably, having in the two first cases lower 
values while in the other ones higher values, as observed in Figure 

S5. Evidently, the presence of the electronegative Cl atom in the 
hydrochloride species has influence on their properties.

The molecular electrostatic potential (MEP) values for all atoms of 
the three species are presented in Table S1. These values are 
strongly related to the MK charges because they are calculated by 
using these charges. The most negative values are observed on the 
Cl atoms, as expected due to their higher electronegativity and, 
there are not significant differences in the values showing in all 
species the following tendency: Cl > O > N > C >H. In reference to 
the O atoms, the higher MEP values are observed on the O3 atoms 
of the free base and the hydrochloride species and on the O4 
atoms of the cationic species in both media. However, when the 
mapped MEP surfaces are obtained we observed differences in the 
regions nucleophilic and electrophilic thought their red and blue 
colorations, respectively. Thus, Figure S6 shows strong red colour 
on the O atoms corresponding to the COO groups of the free base 
while in the cationic species is completely observed a blue colour, 
as expected because it is an electrophilic species. On the contrary, 

Parameters aB3LYP/6-31G* bExp cExp
Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM

Bond lengths (Å)
N5-CH3 1.459 1.467 1.493 1.492 1.487 1.494 1.478 1.468
N5-C6 1.475 1.479 1.527 1.521 1.511 1.519 1.487 1.467
N5-C7 1.478 1.485 1.525 1.522 1.512 1.520 1.503 1.460
C6-C9(A5) 1.561 1.556 1.543 1.542 1.550 1.545 1.525 1.522
C7-C10(A5) 1.562 1.556 1.544 1.540 1.544 1.542 1.562 1.527
C6-C8(A6) 1.555 1.557 1.546 1.545 1.543 1.549 1.544 1.532
C7-C11(A6) 1.541 1.540 1.535 1.533 1.536 1.536 1.544 1.531
C8-C12(A6) 1.540 1.540 1.561 1.557 1.559 1.549 1.524 1.511
C11-C12(A6) 1.532 1.529 1.534 1.530 1.531 1.530 1.558 1.518
C12-O1 1.447 1.454 1.425 1.445 1.429 1.443 1.385 1.451
C15=O4 1.219 1.225 1.213 1.222 1.218 1.224 1.172 1.193
C14-O2 1.355 1.347 1.318 1.330 1.346 1.343 1.291 1.334
C14=O3 1.210 1.220 1.229 1.226 1.208 1.217 1.250 1.188
O2-CH3 1.437 1.445 1.453 1.450 1.445 1.446 1.432 1.442

bRMSD 0.033 0.032 0.027 0.030 0.030 0.800
cRMSD 0.022 0.022 0.033 0.030 0.027 0.800

Bond angles (º)
C13-N5-C6 113.8 112.1 114.5 114.1 114.0 113.2 112.5 112.7
C13-N5-C7 113.9 112.4 114.8 114.5 114.3 113.8 112.4 113.2
C6-N5-C7(A5,A6) 101.7 101.1 101.5 101.8 101.8 101.7 103.6 100.9
N5-C6-C9(A5) 105.3 105.6 102.8 102.6 102.5 102.0 102.3 105.4
N5-C7-C10(A5) 105.0 105.2 102.4 102.4 102.9 102.3 101.1 106.2
C6-C9-C10(A5) 103.7 103.7 105.1 105.1 105.0 105.2 105.8 103.8
N5-C6-C8(A6) 106.9 107.6 107.1 107.9 108.9 109.0 108.0 106.8
N5-C7-C11(A6) 107.3 107.6 107.1 106.9 106.6 107.2 109.1 106.7
C8-C12-C11(A6) 112.4 113.0 112.2 112.9 112.4 112.3 112.8 112.2

bRMSD 2.1 2.1 1.6 1.4 1.5 1.2
cRMSD 0.7 0.7 1.8 1.8 1.8 2.0

Dihedral angles (º)
C8-C6-N5-CH (A6)3 -160.1 -163.8 -160.7 -161.8 -161.9 -164.3
C11-C12-O1-C15 -151.0 -147.3 -157.1 -153.7 -162.2 -156.3 -73-77 -139
C8-C14-O2-C16 179.7 -178.0 176.8 177.8 -175.8 177.6
C17-C15-O1-C12 -177.3 -179.0 177.3 179.4 -176.5 -177.6
O4-C15-O1-C12 3.0 1.3 -2.6 -0.4 4.3 2.4

a b cThis work, Ref [1] for hydrochloride cocaine; Ref [2] for free base cocaine; A6, six member's ring (piperidine); A5, five member's ring 
(pyrrolidine).



in the hydrochloride species we observed red colour on the Cl 
atom and COO groups and blue colour on the tropane rings. Note 
that in the cationic and hydrochloride species the less negative 
values are observed on the H44 atoms in both media because they 
are the most labile atoms. For these reasons, in the MEP mapped of 
those two species we observed the strong blue colour on those H 
atoms.

In relation to the bond orders (BO), in Table S2 are summarized 
these results for all cocaine species, expressed as Wiberg indexes. 
The results show some differences in the values for the C atoms 
corresponding to the piperidine and pyrrolidine rings, as observed 
in Figure S7. This way, the free base presents the higher BO values 
while in the cationic species it is observed the lower values. Note 
that in all species the C8 atoms corresponding to the piperidine 
rings have the higher BO values. 

Stability studies by NBO and AIM calculations
From the above studies we observed that the three species present 
different properties and, for these reasons, we have studied the 
stabilities of those species by using NBO and AIM calculations 
[55,56]. In Table S3 are summarized the results of the donor-
acceptor energy interactions for the free base, cationic and 
hydrochloride structures of cocaine by using the hybrid B3LYP/6-
31G* level of theory. It is necessary to clarify that these values were 
obtained from the second order perturbation theory analysis of 
Fock matrix with the NBO calculations [55]. First, we observed 
common interactions to the three species, which are the p*O4-
C15p*C17-C19, DET andDET  interactions and, then, only those  *  LP *

observed in the cationic (p*C17-C19p*C18-C20 and LP(2)O3  
s*N5-C14) and in the hydrochloride species (DET and DET ). s®LP* LP®LP*

These additional interactions confer high stabilities to both 
cationic and hydrochloride species being their total energy values 
of 2682.60 and 3727.43 kJ/mol, respectively. This NBO study 
shows clearly that the species most unstable in both media is the 
free base while both, cationic and hydrochloride species are the 
most stable in those media. 

In relation to the AIM study [56], the topological properties were 
calculated for all the species in order to investigate the possible 
intra-molecular interactions existent in these species in both 
media. Here, the results obtained from the atoms in molecules 
(AIM) analyses are observed for the free base and cationic species 
in Table S4 while in Table S5 are presented the results for the 
hydrochloride species. According to the Bader's theory [57] it is 
necessary to calculate the following parameters: electron density,  

2r(r), the Laplacian values, Ñ r(r), the eigenvalues (l1, l2, l3) of the 
Hessian matrix and, the |l1|/l3 ratio calculated in the bond critical 
points (BCPs) because their values show clearly the interaction�s 
types. Thus, the H bonds formation is observed when |l1|/l3 < 1 

2and Ñ r(r) > 0 [58].  Besides, these parameters can be computed in 
the ring critical points (RCPs) of the benzyl, piperidine and 
pyrrolidine rings and, in the new rings formed as a consequence of 
the H bonds constituted (RCPN). Here, for the free base in both 
media, it is observed one H bonds, named O3---H31 while, for the 
cationic species we observed the O3---H44 interaction in gas 
phase while in solution appear two O3---H44 and C19---H38 
interactions that probably explain their higher hydration, it is the 
higher solvation energy and their higher dipole moment value. The 
hydrochloride species also shows differences in both media, thus, 
in gas phase present four H bonds while in solution only three 
interactions are observed. Hence, the hydrochloride species is the 
most stable species but, in particular, the O3---O1 interactions 
observed in the two media could explain the diminishing of their 
stabilities as a consequence of the strong repulsion between those 
two electronegative atoms due to the 2.750-2.755 Å distance 
values. Figure S8 shows the molecular graphics for the free base, 
cationic and hydrochloride cocaine species in gas phase showing 
the geometry of all their bond critical points (BCPs) and ring critical 
points (RCPs) at the B3LYP/6-31G* level of theory. On the other 
hand, the analyses of the densities of the three different benzyl, 
piperidine and pyrrolidine rings, named RCP1, RCP2 and RCP3, 

respectively show that the piperidine rings have the lower values in 
the three species while the higher values are observed in the 
pyrrolidine rings corresponding to the three species, having the 
free base the higher value. These results are probably related with 
the strong blue coloration observed in all the species on the 
piperidine rings corresponding to the tropane rings.

HOMO-LUMO and descriptors studies
Pauling and Datta [36] have suggested that all tropane alkaloids 
can present anticholinergic activities and, for this reason, it is 
interesting to calculated the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) in 
order to predict the reactivities and behaviours of the free base, 
cationic and hydrochloride species of cocaine in both media. Thus, 
the differences energies between those two orbitals, named gap 
energy [37,38], were calculated for all species together with 
recognized descriptors [39-41] whose known equations are 
presented in the same table. The values can be seen in Table S6 
together with some values for the three species of tropane alkaloid 
calculated in this work and, with other reported in the literature for 
antiviral agents, as cidofovir and brincidofovir [59], with 
antimicrobial 1,3-benzothiazole, as thione and thiol [60] and with 
toxic agents, as saxitoxin and cation pyridonium [39]. Analyzing 
first the gap values among the three species of cocaine we 
observed that the hydrochloride species is the most reactive in 
both media while the cationic species is the less reactive contrarily 
to the expected. Another very important result is that in solution 
the hydrochlorides species decrease notably their reactivity 
probably because, as observed from the NBO and AIM results, 
increase their stability in solution. When the values are compared 
with those calculated for the three tropane species we observed 
that also the hydrochloride species is the most reactive in both 
media while the cationic species is the less reactive but, the 
incorporation of COO groups and the benzyl ring in cocaine 
increase notably the reactivities of all their species, as compared 
with the tropane ones. These results could probably explain the 
strong biological activities that present cocaine. Note that the gap 
energy in solution for the hydrochloride species of cocaine is 
comparable to those observed for thione and brincidofovir [59,60] 
while are for the free base and the cationic species the gap values 
are lower that those observed for saxitoxin and cation pyridonium 
[39]. Comparing the descriptors for the cocaine species we 
observed that, as expected, the most electrophilic species is the 
cationic but, the cation tropane is twice most nucleophilic than the 
corresponding to cocaine being, the cation cocaine most 
nucleophilic than the other ones. These results could be in 
agreement with those observed by Singh [61] in a study on cocaine 
antagonists, where this author has observed that modifications in 
the stereochemistry of tropane led to a significant loss in their 
potency. Another important result is that the electrophilic indexes 
for saxitoxin and cation pyridonium [39] are similar to those 
observed for the cation tropane because they also are structurally 
cations. The behaviours of all descriptors in both media can be 
easily seen in Figure S9 where clearly it is observed the most 
negative energies for the cationic species of cocaine. All the 
tropane species have the same behaviours than the corresponding 
to cocaine and, for these reasons, the graphics in both media are 
not presented here. These results suggest that the hydrochloride 
species in solution are as cationic species for which are most stable 
and have lower reactivity in both media. 

VIBRATIONAL ANALYSIS
This analysis was performed with the optimized C  structures for 1

the free base, cationic and hydrochloride species of cocaine in 
both media by using the hybrid B3LYP/6-31G* method. These 
calculations predicted 123, 126 and 129 vibration normal modes 
for the free base, cationic and hydrochloride species, respectively 
and, due to their symmetries; all vibration modes can present 
activities in the infrared and Raman spectra. Here, the infrared and 
Raman spectra for the free base and the hydrochloride species 
were taken from those reported in the literature [12,14,31,62]. 
The Raman spectra for those two cocaine species in the solid states 
were taken from those spectra published by Ryder et al. [5] and 
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Fedchak [63]. The terahertz spectrum of cocaine reported by 
Davies et al [9] was used to obtain the bands observed in the lower 
wavenumbers region. The comparisons among the predicted 
infrared spectra for the free base, cationic and hydrochloride 
species with the experimental available for the free base and 
hydrochloride species are observed in Figure 3 while in Figures 4 
and 5 are presented the comparisons among the Raman spectra. 

Figure 3. Comparisons between the experimental available FTIR 
spectra of free base and hydrochloride species of cocaine in the 
solid states [12,14,31] with the corresponding predicted for the 
free base, cationic and hydrochloride species in the gas phase at 
B3LYP/6-31G** level of theory.

Figure 3 clearly evidence that in the solid phase the hydrochloride 
species is present as cationic because the strong band predicted 
for this specie by calculations is not observed in the experimental IR 
spectrum. Here, obviously in the theoretical spectra we not 
observed broad bands because the calculations are performed in 
the gas phase for the isolated molecules while in the solid phase 
the forces packing are important. In Table 3 are given the observed 
and calculated wavenumbers for the free base, cationic and 
hydrochloride species of cocaine in gas phase and their 
corresponding assignments. Here, the predicted Raman spectra 
for the three cocaine species show a very good concordance when 
their activities are transformed to intensities by using known 
equations [64,65]. The normal internal coordinates for all species 
were used together with the SQMFF methodology [52] and the 
Molvib program [53] to calculate the force fields. The scale factors 
reported by Rauhut and Pulay [52] valid for the 6-31G* basis set 
were used to obtain the scaled force fields while the complete 
assignments were performed using the potential energy 
distribution (PED) contributions  10 %. It is necessary to clarify that 
in the higher wavenumbers region was not possible to identify the 
symmetries of the vibration normal modes because the 
experimental available Raman spectrum only was reported from 

-12000 cm . 

Figure 4. Comparisons between the experimental available 
Raman spectra of free base and hydrochloride species of cocaine in 
the solid states [5,63] with the corresponding predicted for the 
free base, cationic and hydrochloride species in the gas phase at 
B3LYP/6-31G** level of theory.

Here, the assignments performed for the most important groups 
are discussed briefly at continuation.

Band Assignments
NH modes. These vibration modes are predicted only for the 
cationic and hydrochloride species because the free base does not 
present this group. In the cationic species of tropane, the N-H 

-1stretching mode is assigned at 3419 cm  while for the 
-1hydrochloride species is assigned at 1626 cm . In clonidine 

-1hydrochloride is assigned to 3427 cm  while in their monomer 
-1neutral at 1711 cm  [66], in tricyclic bisguanidine species these 

-1modes appear between 3403 and 3397 cm  [39] while in other 
compounds these stretching modes are assigned between 3480 

-1and 3254 cm  [68-70]. Here, the cationic species is predicted by 
-1SQM calculations at 2989 cm  while in the hydrochloride at 

-1 -12089cm . Hence, the shoulders at 2982/2981 cm  can be 
assigned to these modes for the cationic species while the strong 

-1ATR band in the hydrochloride spectrum at 2545 cm  is assigned 
to the N-H stretching modes. In the cationic and hydrochloride 
species of tropane, the out-of-plane deformation modes are 

-1assigned between 1626 and 1393 cm  because they are predicted 
-1between 1532 and 1277 cm  while in N-benzylamides [67] these 

-1modes are assigned between 1508 and 1513 cm . In cocaine, 
these modes are predicted for the cationic species at 1528/1404 

-1and for hydrochloride at 1490/1365 cm . Here, both cationic and 
hydrochloride form of cocaine, as in species tropane, the N atom 

3has sp  hybridization for which the normal internal coordinates 
corresponding to the N-H group is different from those species 

2containing the N atom with sp  hybridization [66-70] because in 
this case the group N-H is planar. Hence, the in-plane deformation 
modes are not observed in the cationic and hydrochloride species. 

CH modes. In the three cocaine species are expected the 
stretching, in-plane and out-of-plane deformation modes due to 

2the C-H groups of the benzyl rings where the C atoms present sp  
hybridization and, the stretching, out-of-plane deformation or 

3rocking modes corresponding to the C atoms with sp  

TABLE � 3 Observed and calculated wavenumbers (cm-1) and assignments for the free base, cationic and hydrochloride species of 
cocaine in gas phase.
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hybridization, in form similar to the N-H groups.

Figure 5. Comparisons between the experimental available 
Raman spectra of free base and hydrochloride species of cocaine in 

-1 -1the solid states in the 1100-10 cm  [63] (a) and 400-24 cm  
regions [9] with the corresponding predicted for the free base ©, 
cationic (d) and hydrochloride (e) species in the gas phase at 
B3LYP/6-31G** level of theory.

Obviously, the aromatic C-H stretching modes are assigned at 
higher wavenumbers than the corresponding aliphatic because 
they are predicted by SQM calculations between 3108 and 3053 

-1cm  while the aliphatic C-H stretching modes are assigned 
-1between 3035 and 2942 cm  since they are predicted in these 

regions. The in-plane and out-of-plane deformation modes of C-H 
aliphatic for the three cocaine species are assigned as predicted by 

-1the calculations, this is between 1495/1161 and 1022/856 cm , 
respectively. The aliphatic C-H rocking modes for the three species 

-1are assigned between 1398 and 1230 cm , as can be seen in Table 
3. 

Ch  modes. In each cocaine species there are two CH  groups, 3 3

hence, 18 vibration normal modes are expected. In the higher 
wavenumbers region the antisymmetric and symmetric modes 

were not identified, as was above explained, because the 
experimental available Raman spectrum only was reported from 

-12000 cm . For all cocaine species, the antisymmetric and 
symmetric stretching modes are calculated as practically pure 
modes; hence, they were easily assigned to the bands observed 

-1between 3056 and 2845 cm . In tropane, these modes are 
-1assigned between 3098 and 2966 cm . Note that these modes in 

the cationic species are predicted at higher wavenumbers than the 
other ones, as was also observed in the same tropane species. The 
deformation modes in the tropane species are predicted between 

-11478 and 1400 cm , in cocaine species between 1474 and 1409 
-1cm , for this reason, they were assigned in these regions, as 

detailed in Table 3. On the other hand, the rocking modes are 
-1predicted between 1194 and 1134 cm  while in the tropane 

-1species between 1183 and 1128 cm . For the cocaine species, the 
-1twisting modes are predicted between 191 and 117 cm  while in 

-1the tropane species are assigned between 205 and 151 cm . 
Hence, these modes for each species were assigned as predicted 
the SQM calculations. In species containing these CH  groups 3

those modes were assigned in the same regions [39,67]. 

Ch  modes. In each cocaine species there are three CH  groups, 2 2

hence, twelve vibration normal modes related to these groups are 
expected for each species. Here, the symmetries of the stretching 
modes were not determined because the experimental available 

-1Raman spectrum only was reported from 2000 cm . In the cocaine 
species, the two stretching modes are predicted between 3009 
and 2938 while in tropane species these modes are predicted 

-1between 3024 and 2911 cm . From the same way, in cocaine 
species the deformation, wagging, rocking and twisting modes 
are predicted, in some cases mixed with other modes, in the 

-11483/1449, 1382/1242, 1230/1167 and 933/744 cm  regions, 
respectively while, in the tropane species, these modes were 
assigned respectively to the set of bands between 1485/1442, 

-11385/1274, 1274/1142 and 967/639 cm . In compounds 
containing this group those modes were assigned in the same 
regions [39-41,59,67,69-71]. Thus, for the three cocaine species 
those modes were clearly assigned in the regions predicted by 
SQM calculations, as indicated in Table 3. 

Skeletal modes. In the cocaine species, the N5-CH  stretching 3
-1modes are predicted at 1113, 1058 and 1052 cm  while in the 

tropane species these modes were assigned to the IR bands at 
-11128, 1086 and 1031 cm . Hence, the very strong IR band 

-1observed at 1111 cm  in the spectrum of hydrochloride and the 
-1ATR band with medium intensity at 1053 cm  for the same species 

are clearly assigned to these stretching modes, as detailed in Table 
3. The N5-C6 and N5-C7 stretching modes corresponding to the 
bicyclic rings are predicted in different regions, as was also 
observed in tropane species. Hence, in the hydrochloride species 
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a b c d e #pyrrolidine Ring3. This work, From scaled quantum mechanics force field; From Ref [62]; From Ref [12,14,31]; From Ref [63]. From Ref 

[9], THz spectrum.



those modes are predicted at 929 and 772 while in the species 
-1corresponding to tropane at 761 and 710 cm , in the cationic 

-1cocaine species at 782 and 697 cm  while in tropane at 733 and 
-1 -1673 cm  and, in the free base at 955 and 772 cm  while in tropane 

-1species at 998 and 750 cm . hence, Then, in the three tropane 
-1species the IR bands at 981, 776, 729, 706 and 680 cm  are easily 

assigned to those stretching modes while, for cocaine, the pairs of 
-1IR bands at 951/777, 922/747, 786/731 cm  are associated with 

the N5-C6 and N5-C7 stretching modes, as shown in Table 3. For 
the benzyl rings are expected three deformations (b (A1), b (A1) R1 R2

and b (A1)) and three torsions (t (A1), t (A1) and t (A1)) rings, R3 R1 R2 R3

for the piperidine three deformations (t (A2), t (A2) and t (A2)) R1 R2 R3

and three torsions (b (A2), b (A2) and b (A2)) rings while for the R1 R2 R3

pyrrolidine rings only two deformations (t (A3), t (A3)) and two R1 R2

torsions (t (A3) and t (A3)) rings are expected. In this case, the R1 R2

redundant internal coordinates was identified as b (A2) and, for R1

this reason, it was removed. Table 3 shows that these vibration 
modes are all predicted in some case mixed among them and 

-1between 1065 and 24 cm . The SQM calculations and the 
assignments reported for species containing rings [32,47-51] were 
employed to assign those vibration modes. For the three cocaine 
species, practically all vibration modes observed in the lower 

-1wavenumbers 400-24 cm  region were assigned, as observed in 
Table 3; because the bands observed in the experimental available 
Raman spectrum [63] and in the terahertz spectrum recorded for 
hydrochloride cocaine by Davies et al [9] were also considered.

FORCE CONSTANTS
For the free base, cationic and hydrochloride species of cocaine 
were calculated the force constants by using their corresponding 
force fields calculated at the B3LYP/6-31G* level of theory with the 
SQMFF procedure [52] and the Molvib program [53]. The scaled 
internal force constants can be seen in Table 4 together with those 
reported for the three species of tropane alkaloid in both media 
and at the same level of theory. First, we analyzed the force 
constants values for the three cocaine species. Here, the f(N-H) 
constant for the cationic species in both media are higher than the 
corresponding to the hydrochloride species, as observed in the two 
tropane species. In the cationic cocaine species in gas phase, the N-
H distance is 1.044 Å higher than the corresponding to the 
tropane species in the same medium (1.025 Å) while for the 
hydrochloride cocaine species is 1.110 Å lower than the 
corresponding to the tropane species (1.135 Å). Hence, the 
calculated bond lengths justify those values. Here, a result very 
interesting is observed in the f(nN-CH ) constants for the free base 3

because their values in both media are the same than the 
corresponding to the tropane species [32] while the lower values 
are observed for the cationic species in both media. In general, we 
observed the same behaviours of the f(nC-H), f(nC-C), and force 
constants for the three species of cocaine and tropane in both 
media, as can be seen in Figure S10. In particular, we observed for 
the cocaine and tropane species slightly increase in the f(nCH ), 2

f(nCH ), f(nC-H) and f(nC-C) force constants values in aqueous 3

solution, as also was observed for the tropane species (Table 4). 
Probably, these variations are related to the MK charges that 
experiment the C atoms belong to those groups because a 
decreasing in their values is observed in solution. Here, it is 
necessary to clarify that the C atoms involved in the force constants 
presented in Table 4 correspond to the piperideine and pyrrolidine 
rings, with exception of the C atoms belong to the CH  groups.3

CONCLUSIONS
In this work, the structural, electronic, topological and vibrational 
properties of the free base, cationic and hydrochloride species of 
cocaine were studied in gas and aqueous solution phases by using 
the hybrid B3LYP/6-31G* calculations. In solution, the SCRF and 
PCM methods were employed together with the SMD model in 
order to obtain the solvation energies for the three species and 
where the higher values were predicted for the cationic species. 
The calculations in both media do not evidence the fast N-methyl 
inversion for none of the cocaine species, contrary to the observed 
for the cationic and hydrochloride species of tropane.

The NBO and AIM calculations support the high stabilities 

observed for the cationic species in both media while their higher 
gap energy could justify their low reactivities. The AIM analysis 
predicted O--O interactions for the hydrochloride species in both 
media that probably explain the high reactivities of this species in 
both media, as suggested by their gap energy values. 

The SQMFF methodology, the normal internal coordinates and the 
experimental available ATR, FTIR, FTRaman and Terahertz spectra 
for the free base and the hydrochloride species were used to 
compute the force fields and to perform the complete vibrational 
assignments of those three species  The force constants of cocaine.
and the complete assignments of the 123, 126 and 129 vibration 
normal modes expected for the free base, cationic and 
hydrochloride species respectively are reported here for first time. 
The predicted IR spectrum for cocaine hydrochloride reveals that in 
the solid state this species is in their cationic form, as evidenced by 
their experimental IR spectrum. 

TABLE � 4
Comparison of main scaled internal force constants for the free 
base, cationic and hydrochloride cocaine species in gas and 
aqueous solution phases compared with those calculated for the 
tropane species.

-1 -2Units are mdyn Å  for stretching and mdyn Å rad  for angle 
adeformations, This work

The analyses of the descriptors suggest that the cation cocaine in 
both media is most electrophilic and reactive than the cation 
tropane increasing notably their reactivity. However, the 
nucheophilicity indexes for the tropane alkaloid in both media are 
comparable to those observed for toxics substances as saxitoxin 
and cation pyridonium. Probably these results for tropane, 
different from the observed for cocaine species, suggest that the 
modifications in the stereochemistry of tropane generate a loss in 
their potency, as was reported in the literature.
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Supporting Material
Table S1. Atomic MK charges and molecular electrostatic potentials for the most stable free base, cationic and hydrochloride structures of 
cocaine by using the hybrid B3LYP/6-31G* level of theory.

Atoms MK charges MEP
Free base Cationic Hydrochloride Free base Cationic Hydrochloride

Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM
 1  O -0.507 -0.492 -0.473 -0.455 -0.534 -0.535 -22.280 -22.281 -22.157 -22.154 -22.269 -22.263
 2  O -0.364 -0.366 -0.294 -0.298 -0.280 -0.324 -22.277 -22.275 -22.131 -22.136 -22.269 -22.267
 3  O -0.534 -0.549 -0.555 -0.543 -0.460 -0.468 -22.339 -22.342 -22.181 -22.184 -22.333 -22.333
 4  O -0.508 -0.520 -0.470 -0.476 -0.502 -0.510 -22.338 -22.341 -22.225 -22.231 -22.329 -22.327
 5  N -0.273 -0.290 -0.159 -0.107 0.177 0.343 -18.362 -18.361 -18.095 -18.085 -18.248 -18.229
 6  C 0.204 0.185 0.191 0.183 0.095 0.078 -14.705 -14.704 -14.525 -14.521 -14.657 -14.646
 7  C 0.150 0.180 0.097 0.117 -0.008 -0.030 -14.710 -14.711 -14.531 -14.526 -14.662 -14.650
 8  C -0.666 -0.701 -0.695 -0.703 -0.403 -0.419 -14.726 -14.724 -14.573 -14.569 -14.696 -14.687
 9  C -0.150 -0.131 -0.140 -0.110 -0.111 -0.137 -14.739 -14.738 -14.582 -14.578 -14.697 -14.688
10  C -0.181 -0.235 -0.133 -0.169 -0.150 -0.148 -14.740 -14.740 -14.583 -14.579 -14.698 -14.689
11  C -0.452 -0.460 -0.380 -0.378 -0.257 -0.239 -14.747 -14.746 -14.588 -14.584 -14.719 -14.709
12  C 0.684 0.651 0.578 0.555 0.657 0.627 -14.680 -14.678 -14.533 -14.528 -14.652 -14.645
13  C -0.439 -0.410 -0.449 -0.451 -0.389 -0.451 -14.718 -14.719 -14.539 -14.534 -14.674 -14.665
14  C 0.882 0.911 0.853 0.850 0.667 0.741 -14.620 -14.620 -14.466 -14.468 -14.607 -14.605
15  C 0.599 0.627 0.546 0.536 0.580 0.606 -14.616 -14.617 -14.505 -14.507 -14.608 -14.604
16  C -0.069 -0.081 -0.171 -0.155 -0.164 -0.129 -14.686 -14.684 -14.569 -14.572 -14.698 -14.691
17  C 0.007 -0.026 0.015 0.038 0.039 0.000 -14.729 -14.728 -14.631 -14.634 -14.726 -14.722
18  C -0.130 -0.130 -0.123 -0.136 -0.141 -0.133 -14.736 -14.736 -14.644 -14.648 -14.733 -14.730
19  C -0.130 -0.129 -0.126 -0.135 -0.127 -0.104 -14.736 -14.736 -14.639 -14.642 -14.734 -14.731
20  C -0.109 -0.106 -0.105 -0.101 -0.103 -0.105 -14.735 -14.736 -14.649 -14.652 -14.734 -14.731
21  C -0.115 -0.112 -0.120 -0.119 -0.121 -0.135 -14.736 -14.736 -14.647 -14.650 -14.735 -14.733
22  C -0.109 -0.106 -0.078 -0.085 -0.101 -0.088 -14.732 -14.732 -14.644 -14.647 -14.730 -14.727
23  H 0.067 0.077 0.098 0.098 0.047 0.060 -1.118 -1.117 -0.942 -0.937 -1.074 -1.063
24  H 0.090 0.088 0.113 0.106 0.111 0.115 -1.121 -1.121 -0.947 -0.942 -1.077 -1.066
25  H 0.169 0.178 0.221 0.220 0.141 0.131 -1.110 -1.109 -0.963 -0.960 -1.079 -1.071
26  H 0.068 0.066 0.086 0.078 0.057 0.062 -1.124 -1.123 -0.972 -0.968 -1.085 -1.076
27  H 0.070 0.073 0.110 0.106 0.067 0.084 -1.122 -1.121 -0.969 -0.964 -1.082 -1.073
28  H 0.062 0.079 0.094 0.105 0.075 0.080 -1.123 -1.122 -0.970 -0.965 -1.083 -1.074
29  H 0.073 0.085 0.090 0.094 0.068 0.067 -1.126 -1.125 -0.973 -0.969 -1.086 -1.077
30  H 0.105 0.109 0.142 0.146 0.087 0.089 -1.126 -1.125 -0.970 -0.966 -1.096 -1.087
31  H 0.149 0.155 0.136 0.134 0.106 0.113 -1.134 -1.133 -0.972 -0.968 -1.106 -1.097
32  H 0.024 0.036 0.053 0.060 -0.023 -0.014 -1.119 -1.118 -0.977 -0.973 -1.097 -1.089
33  H 0.138 0.132 0.209 0.210 0.146 0.159 -1.125 -1.124 -0.938 -0.932 -1.068 -1.060
34  H 0.156 0.150 0.201 0.200 0.159 0.177 -1.119 -1.119 -0.939 -0.933 -1.076 -1.067
35  H 0.162 0.157 0.195 0.194 0.164 0.184 -1.119 -1.119 -0.939 -0.933 -1.072 -1.065
36  H 0.101 0.105 0.157 0.151 0.114 0.110 -1.105 -1.103 -0.991 -0.994 -1.113 -1.109
37  H 0.078 0.085 0.127 0.120 0.135 0.128 -1.110 -1.107 -0.990 -0.993 -1.124 -1.118
38  H 0.077 0.083 0.128 0.120 0.101 0.092 -1.110 -1.107 -0.990 -0.994 -1.117 -1.112
39  H 0.123 0.128 0.136 0.140 0.123 0.123 -1.110 -1.110 -1.020 -1.024 -1.107 -1.104
40  H 0.150 0.153 0.129 0.126 0.154 0.150 -1.111 -1.111 -1.012 -1.015 -1.111 -1.108
41  H 0.117 0.117 0.135 0.134 0.115 0.115 -1.106 -1.107 -1.024 -1.026 -1.105 -1.102
42  H 0.116 0.116 0.133 0.132 0.122 0.126 -1.107 -1.107 -1.021 -1.023 -1.107 -1.105
43  H 0.119 0.117 0.132 0.133 0.118 0.115 -1.104 -1.104 -1.021 -1.024 -1.103 -1.101
44 H 0.368 0.337 0.119 0.010 -0.833 -0.827 -0.986 -0.979
45 Cl -0.670 -0.718 -64.514 -64.535

Atoms NPA charges Wiberg indexes
Free base Cationic Hydrochloride Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM

 1  O -0.544 -0.543 -0.569 -0.563 -0.538 -0.534 2.159 2.162 2.109 2.122 2.157 2.164
 2  O -0.556 -0.553 -0.502 -0.509 -0.559 -0.559 2.134 2.141 2.224 2.213 2.145 2.142
 3  O -0.595 -0.600 -0.644 -0.637 -0.582 -0.564 2.040 2.028 2.011 2.010 2.053 2.063
 4  O -0.613 -0.617 -0.595 -0.601 -0.618 -0.621 2.015 2.007 2.040 2.028 2.011 2.004
 5  N -0.524 -0.519 -0.483 -0.475 -0.503 -0.490 3.091 3.085 3.418 3.431 3.359 3.388
 6  C -0.058 -0.059 -0.048 -0.047 -0.056 -0.051 3.914 3.916 3.856 3.854 3.870 3.864
 7  C -0.066 -0.068 -0.054 -0.053 -0.054 -0.052 3.917 3.918 3.852 3.849 3.867 3.863
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 8  C -0.378 -0.377 -0.396 -0.395 -0.392 -0.390 3.943 3.944 3.922 3.923 3.935 3.935
 9  C -0.490 -0.491 -0.492 -0.491 -0.486 -0.489 3.892 3.891 3.866 3.865 3.881 3.878
10  C -0.491 -0.492 -0.493 -0.493 -0.490 -0.491 3.895 3.894 3.870 3.869 3.884 3.881
11  C -0.482 -0.482 -0.504 -0.505 -0.504 -0.504 3.890 3.890 3.874 3.873 3.867 3.867
12  C 0.084 0.085 0.088 0.087 0.089 0.086 3.837 3.835 3.846 3.843 3.851 3.851
13  C -0.470 -0.473 -0.477 -0.476 -0.475 -0.473 3.815 3.816 3.725 3.722 3.745 3.737
14  C 0.848 0.845 0.854 0.847 0.838 0.826 3.826 3.827 3.822 3.829 3.837 3.845
15  C 0.819 0.817 0.821 0.820 0.830 0.822 3.833 3.834 3.824 3.825 3.826 3.829
16  C -0.323 -0.322 -0.328 -0.328 -0.325 -0.326 3.723 3.720 3.677 3.680 3.690 3.693
17  C -0.167 -0.167 -0.188 -0.184 -0.168 -0.172 3.998 3.998 3.993 3.995 3.998 3.998
18  C -0.186 -0.185 -0.173 -0.175 -0.185 -0.184 3.936 3.937 3.932 3.932 3.937 3.937
19  C -0.191 -0.191 -0.191 -0.196 -0.181 -0.183 3.932 3.932 3.939 3.941 3.931 3.930
20  C -0.239 -0.239 -0.230 -0.230 -0.240 -0.240 3.947 3.947 3.941 3.942 3.947 3.947
21  C -0.238 -0.238 -0.233 -0.234 -0.236 -0.236 3.947 3.947 3.943 3.944 3.946 3.946
22  C -0.214 -0.213 -0.192 -0.195 -0.210 -0.209 3.948 3.948 3.940 3.940 3.947 3.947
23  H 0.262 0.260 0.282 0.283 0.283 0.287 0.934 0.935 0.922 0.922 0.922 0.920
24  H 0.251 0.251 0.281 0.281 0.278 0.279 0.939 0.939 0.923 0.923 0.925 0.924
25  H 0.283 0.282 0.318 0.316 0.304 0.302 0.923 0.923 0.902 0.903 0.910 0.912
26  H 0.245 0.245 0.269 0.269 0.253 0.255 0.942 0.941 0.929 0.929 0.937 0.936
27  H 0.245 0.246 0.278 0.279 0.261 0.265 0.941 0.941 0.924 0.923 0.933 0.931
28  H 0.241 0.241 0.274 0.276 0.258 0.260 0.944 0.943 0.926 0.925 0.935 0.934
29  H 0.242 0.242 0.267 0.267 0.251 0.254 0.943 0.943 0.930 0.930 0.938 0.937
30  H 0.242 0.242 0.284 0.285 0.261 0.263 0.944 0.943 0.921 0.920 0.934 0.932
31  H 0.269 0.270 0.268 0.269 0.293 0.296 0.931 0.930 0.931 0.930 0.918 0.916
32  H 0.249 0.251 0.262 0.265 0.241 0.245 0.942 0.941 0.935 0.934 0.946 0.944
33  H 0.191 0.192 0.252 0.254 0.226 0.226 0.968 0.967 0.937 0.937 0.950 0.950
34  H 0.230 0.231 0.264 0.264 0.271 0.272 0.948 0.948 0.931 0.931 0.929 0.929
35  H 0.230 0.230 0.264 0.265 0.255 0.263 0.949 0.949 0.931 0.931 0.936 0.933
36  H 0.221 0.221 0.245 0.245 0.217 0.218 0.952 0.952 0.940 0.941 0.954 0.953
37  H 0.219 0.220 0.232 0.230 0.252 0.251 0.955 0.954 0.948 0.949 0.939 0.940
38  H 0.219 0.221 0.233 0.232 0.218 0.218 0.955 0.954 0.948 0.948 0.955 0.955
39  H 0.256 0.256 0.262 0.262 0.254 0.255 0.937 0.937 0.933 0.933 0.938 0.937
40  H 0.263 0.263 0.249 0.247 0.263 0.266 0.933 0.933 0.940 0.941 0.932 0.931
41  H 0.239 0.239 0.253 0.252 0.240 0.240 0.944 0.944 0.937 0.938 0.944 0.944
42  H 0.240 0.240 0.250 0.248 0.242 0.243 0.944 0.944 0.939 0.940 0.943 0.942
43  H 0.238 0.237 0.251 0.251 0.239 0.239 0.945 0.945 0.938 0.938 0.944 0.944
44 H 0.493 0.491 0.436 0.465 0.762 0.764 0.820 0.796
45 Cl -0.751 -0.828 0.455 0.322



Table S5. Analysis of the topological properties for the free base, cationic and hydrochloride structures of cocaine by using the hybrid 
B3LYP/6-31G* level of theory.
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Figure S1. Dipole moment values for the free base, cationic and 
hydrochloride cocaine species calculated in gas phase at the 
B3LYP/6-31G* level of theory showing the corresponding 
magnitudes and orientations of their vectors.

Figure S2. Theoretical geometrical parameters obtained for the 
free base, cationic and hydrochloride cocaine species calculated in 
gas phase at the B3LYP/6-31G* level of theory compared with 
those corresponding to the hydrochloride cocaine in the solid 
phase [1].
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Figure S3. Bond and dihedral angles calculated for the free base, 
cationic and hydrochloride cocaine species in gas phase at the 
B3LYP/6-31G* level of theory compared with those corresponding 
to the hydrochloride cocaine in the solid phase [1].

Figure S4. Variations MK (upper) and NPA (bottom) charges on 
the O and N atoms corresponding to the free base, cationic and 
hydrochloride cocaine species calculated in gas phase at the 
B3LYP/6-31G* level of theory.

Figure S5. Variations of the MK charges on the C atoms 
corresponding to the pyrrolidine (upper) and piperidine rings 
(bottom) of the free base, cationic and hydrochloride cocaine 
species calculated in gas phase at the B3LYP/6-31G* level of 
theory.

Figure S6. Calculated electrostatic potential surfaces on the 
molecular surfaces of the free base, cationic and hydrochloride 
cocaine species in gas phase. Color ranges. In au: from red -0.056 
to blue +0.056. B3LYP functional and 6-31G* basis set. Isodensity 
value of 0.005.

Figure S7. Variations of the bond orders for the C atoms 
corresponding to the pyrrolidine (C6, C7, C9 and C10) and 
piperidine (C6, C7, C8, C11 and C12) rings of the free base, 
cationic and hydrochloride cocaine species calculated in gas phase 
at the B3LYP/6-31G* level of theory.
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Figure S8. Molecular graphics for the free base, cationic and 
hydrochloride cocaine species in gas phase showing the geometry 
of all their bond critical points (BCPs) and ring critical points (RCPs) 
at the B3LYP/6-31G* level of theory.

Figure S9. Descriptors calculated for the free base, cationic and 
hydrochloride cocaine species in gas and aqueous solution phases 
at the B3LYP/6-31G* level of theory.

Figure S10. Comparisons between the experimental available 
Raman spectra of free base and hydrochloride species of cocaine in 
the solid states [5,63] with the corresponding predicted for the 
free base, cationic and hydrochloride species in the gas phase at 
B3LYP/6-311++G** level of theory.

Figure S11. Harmonic force constants calculated for the free base, 
cationic and hydrochloride cocaine species (upper) compared with 
those calculated for the corresponding species of tropane alkaloid 
in gas and aqueous solution phases at the B3LYP/6-31G* level of 
theory.
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