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The nuclear quadrupole interaction (NQI) parameters for the14N nucleus, namely, the quadrupole coupling
constant (e2qQ) and asymmetry parameter (η) have been obtained through first-principles Hartree-Fock
investigations on cocaine free base (C17H21NO4). The calculated value-5.038 MHz ofe2qQ is in very good
agreement with the experimentally observed magnitude of 5.0229 fore2qQ, and the small value 0.067 forη
is in keeping with the value of 0.0395 from nuclear quadrupole resonance measurements. These results
provide strong support for the nature of the electron distribution in the cocaine molecule, including its anisotropy
around the14N nucleus, obtained by the first-principles Hartree-Fock method, in common with the conclusion
from recent investigations on the energetic molecules RDX (1,3,5-trinitro-S-triazine, C3H6N6O6) andâ-HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, C4H8N8O8). Additional support for this conclusion is provided
by the fact that the positions of three hydrogen atoms in cocaine obtained from structural measurements were
reported erroneously in the literature and were redetermined in the present work through total energy
minimization by the Hartree-Fock procedure, the calculated results fore2qQ andη for 14N being based on
these corrected H positions. Possible sources that could resolve the small but significant difference forη
between theory and experiment are discussed. The calculated NQI parameters for17O and2H (deuteron) are
presented for cocaine with the hope that they will be measured in the future to allow comparison with theory
and thus provide a more complete picture of the electron distribution in this molecule.

I. Introduction

Recently there is considerable interest1,2 in the study of the
spectroscopic properties of molecules of physiological interest.
A property of special interest is the nuclear quadrupole
interaction of the14N nucleus in cocaine free base (C17H21NO4),
which is well known for its narcotic effects. A major reason
for the present study is that recently there is substantial effort
being made2,3 to use 14N as a sensor, for the detection of
compounds with physiological or energetics interest, using
nuclear quadrupole resonance (NQR) spectroscopy. Since the
frequency of the NQR signal depends upon the NQI parameters4

e2qQ andη for the nucleus in question,5 which in turn depend
sensitively6 on the nature of the electron distribution in the
neighborhood of the nucleus of interest, the quantitative
understanding of the latter from a first-principles quantum
mechanical study is of primary interest in this context. Ad-
ditionally, this information is also important to obtain insights
about the changes in the nuclear quadrupole interaction param-
eters when one introduces molecular groups2 that can interact
with the basic molecule and change the geometry and the
electron distribution. In the present paper, we have investigated
the electronic structure of cocaine free base, for which experi-
mental information on the14N nuclear quadrupole interaction2

has recently become available.
In cocaine there is one14N nucleus, and hence only one set

of nuclear quadrupole interaction parameterse2qQ and η is

observed experimentally.2 At room temperature, 295 K, the
observed values of the nuclear quadrupole coupling constant
(e2qQ) and asymmetry parameter (η) are 5.0229 MHz and
0.0395, respectively. Our aim in this paper is to examine how
well one can explain these observed parameters from electronic
structure investigations using a first-principles procedure. We
have used the variational Hartree-Fock-Roothaan procedure7
for the present investigation with the variational functions used
being based on Gaussian basis functions,8 in common use
currently because of the economy involved in the computation
of matrix elements of the Hamiltonian in the Hartree-Fock
formalism. The nuclear quadrupole interaction parameters for
deuterons replacing the protons in this molecule and for17O
nuclei at the oxygen positions have also been determined in
our work with the expectation that they will be measured in
the future. Comparison with our predicted results will then
provide additional tests of the correctness of the calculated
electron distributions in the present work.
In section II we have discussed briefly the procedure

employed for the present study. Our results and discussion are
presented in section III. Section IV summarizes the conclusions
from our analysis with possible suggestions for future work that
would be useful to broaden our knowledge of the electron
distribution in this system.

II. Procedure

As pointed out in the preceding section, we have used the
Gaussian-based variational Hartree-Fock-Roothaan7,8 proce-X Abstract published inAdVance ACS Abstracts,July 15, 1997.
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dure to determine the energy levels and wave functions for the
electrons. This procedure is documented extensively in the
literature and hence will not be presented here in detail. Only
a few points related to the present investigation will be
discussed. Since the current system involves an even number
of electrons, it is sufficient to use the restricted Hartree-Fock
approximation9 in which both the spin up and spin down
electrons in a particular orbital state have the same molecular
orbital wave function. We have used linear combinations of
Gaussian basis functions8 for our variational Hartree-Fock-
Roothaan investigations, as is the current practice, since, as
mentioned in section I, this allows fast evaluation of multicenter
integrals in molecular problems.
The atomic arrangement in cocaine free base is depicted in

Figure 1, which consists of 43 atoms and 162 electrons. The
positions of the various atoms in the molecule, other than
hydrogen, are obtained by X-ray diffraction measurements in
cocaine hydrochloride molecule.10 For obtaining the hydrogen
positions, a three-dimensional Patterson analysis11 is used
together with the results from X-ray diffraction. However, in
the publication10 presenting the structure, there were some
problems with the positions of three of the hydrogens in cocaine,
namely, H(22), H(23), and H(24) in Figure 1. When we
analyzed the distance matrix, taking the positions from the
published structure, we found the corresponding CH bond
distances to be 6.6, 7.19, and 6.86 Å, respectively, which are
very high compared to 1.09 Å, the usual12 single-bond CH

distance. All the other bond distances were found to be in the
range expected both from the covalent radii for the atoms
concerned and from the observed bond distances in other
molecules. In particular, all the rest of the CH bond distances
were in the expected range of 1.06-1.09 Å. To obtain the
correct positions for the three hydrogen atoms H(22)-H(24),
we followed an optimization procedure that requires one to
minimize the total Hartree-Fock energy with respect to
simultaneous variations in the positions of these three hydrogens.
But such a procedure for a molecule like cocaine involving 162
electrons is quite time-consuming. Hence we followed a
procedure involving a few simplifications. First we truncated
this large molecule with 43 atoms to two smaller fragments
consisting of 17 and 24 atoms, respectively, the two sizes being
used to study convergence with respect to cluster sizes. In both
these cases, the ends of the two truncated fragments are
approximately equidistant from the nitrogen atom, whose nuclear
quadrupole interaction parameters are of interest to us. The
truncated end is terminated with hydrogen atoms as one does
in the Hartree-Fock cluster procedure in solid state systems.13

The second simplification that we have used is to choose a
minimal basis set involving the STO-3G approximation,14where
three Gaussians are used to represent a single Slater exponential
orbital for each state of the atom. Although the STO-3G basis
set does not have as much flexibility for variational calculations
as other larger basis sets have, it can provide a reasonably
accurate description of the geometry of the molecules while

Figure 1. Atomic arrangement in cocaine free base (C17H21NO4). This arrangement is based on the atomic coordinates given in ref 10 except for
hydrogens 22-24, which have been determined by the energy optimization procedure discussed in the text, the coordinates for the latter three
atoms being presented in Table 1. A gap has been introduced in the line joining C(6) and C(7) to indicate that the N(8)-C(19) bond is above the
C(6)-C(7) bond, the atoms C(1) and C(5) through C(7) lying below the N(8) atom and C(19) above the latter.
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reducing the computational effort, as has been seen from an
earlier investigation in C60 fullerene,15where the use of the STO-
3G basis set led to C-C bond distances within 1-2% of
experimental results. Using these simplifications, we optimized
the positions of the three hydrogens, H(22), H(23), and H(24),
in both the 17 and 24 atoms clusters. Minimization of the total
Hartree-Fock energies for these two clusters with respect to
the variation of these three hydrogen positions, for which the
published position parameters were apparently incorrect, leads
to bond distances for these hydrogens with respect to their
nearest neighbor carbon atoms of 1.11, 1.09, and 1.08 Å for
the 17-atom cluster, almost identical with the values 1.10, 1.09,
and 1.08 Å found for the 24-atom cluster as listed in Table 1.
These results suggest that there is a very good convergence in
the positions of the three hydrogen atoms with respect to the
sizes of the clusters chosen. The good agreement between the
two sets of CH bond distances suggests that the hydrogen
positions obtained either from the 17-atom cluster or the 24-
atom cluster can be considered to be representative of the whole
cocaine molecule with little loss of accuracy. Additionally, since
these hydrogen atoms are two to three atoms away from the
nitrogen atom containing the14N nucleus, whose nuclear
quadrupole interaction is of interest, any small errors in our
calculated positions for these atoms is not expected to signifi-
cantly affect the calculated electric field gradient tensor at the
14N site. From these considerations, we have made use of the
positions for the hydrogens H(22), H(23), and H(24) which are
obtained from the optimization in the larger 24-atom cluster as
representative of the full cocaine molecule for our electronic
structure investigations to obtain the electric field gradient tensor
(efg) at the14N nucleus, for study of its NQI parameters.
The efg tensor components at the nucleus are obtained using

the following expressions:16

the indicesj andk ranging from 1 to 3 representing theX, Y,
andZ coordinates. The first term on the right-hand side of eq
1 represents the contribution from the nuclear charges in the
molecule, and the second term represents the contributions from
the electrons. In the first term,úN is the nuclear charge for the
Nth nucleus,RjN andRkN representing the components of the
position vectorRN for the Nth nucleus with respect to the
nucleus at which the efg tensor is being studied, withRN

representing the magnitude ofRN, the distance between the latter
nucleus and nucleusN. In the second term on the right in eq
1, the summation overµ is carried out over all the occupied
orbitals,ψµ representing the wave functions for theµth occupied
orbital. The factor 2 arises from the summation over the spin
up and spin down states since both states have the same wave
functions because of the zero total spin for the molecule. In
this second term,r refers to the magnitude ofr , the position
vector of the electron with respect to the nucleus at the site of
which the efg is under study,rj and rk representing the
components of this position vector. The field gradient tensor
with componentsVjk obtained from eq 1 is diagonalized to give
the principal componentsVj′k′. The parameterq in the quad-
rupole coupling constante2qQ, whereQ is the nuclear quad-
rupole moment, is given by principal componentVz′z′ with the
largest magnitude. The convention for choosing the principal
axes (X′, Y′, Z′) is such4 that |Vx′x′| < |Vy′y′| < |Vz′z′|, and the
asymmetry parameterη ) (Vx′x′ - Vy′y′)/Vz′z′. It should be noted
that since we are dealing with all the electrons in our calculation
including the core electrons as well, Sternheimer shielding (or
antishielding)17 effects are directly included,16,18and hence there
is no need to introduce them through Sternheimer shielding (or
antishielding) parameters.17

The choice of the basis functions determines the accuracy of
the molecular orbital wave functionsψµ and is expected to
influence the efg tensor more sensitively than the total energy
and interatomic distances, because these properties involve
averages over the entire region of the molecule, while the efg
tensor involves the region near the vicinity of the nucleus under
study. Because of this reason, we have studied the efg tensor
with three basis sets, the STO-3G basis set14 as well as two
more extensive basis sets referred to as D95v and D9519 in the
literature, which were utilized in our earlier investigations6,20

on the energetic molecules RDX andâ-HMX. The D95v basis
set allows for much more flexibility than STO-3G in the
variational calculation of the valence molecular orbitals, the D95
basis function in addition allowing for increased flexibility in
the core orbital wave functions, a property that is very important
for the incorporation of Sternheimer shielding or antishielding
effects in the components of the efg tensor. The latter choice
of D95 basis set was found in earlier investigations on RDX
andâ-HMX and other systems to lead to results that changed
very little on uncontracting6,18,20some of the contracted Gaussian
basis functions used in the D95 basis set suggesting that good
convergence has been reached for the efg tensor with respect
to choice of basis functions. We have calculated the nuclear
quadrupole coupling constants (e2qQ) and asymmetry parameters
(η) for both the truncated fragments as well as for the full
cocaine molecule, with the results presented in Table 2. The

TABLE 1: Results for Selected Hydrogen Positionsa
Obtained through Energy Optimization in Cocaine Free
Base System

cluster sizeb nucleia X Y Z L(CH)c

17 H(22) 5.966 -2.604 8.383 1.112
17 H(23) 7.705 -4.193 5.830 1.093
17 H(24) 7.939 -2.811 4.727 1.084
24 H(22) 5.972 -2.632 8.395 1.101
24 H(23) 7.705 -4.193 5.830 1.093
24 H(24) 7.939 -2.812 4.727 1.084

aH(n) in the table refers to the position of the hydrogen labeled by
n in Figure 1. These hydrogens are the ones whose positions appeared
to be erroneous in ref 10 for the molecular structure and have been
redetermined here through energy minimization for the cocaine
molecule. X, Y, andZ refer to the same coordinate system used in ref
10. bRefers to the number of atoms used in the truncated fragment
employed in the energy optimization calculation.cRefers to the lengths
of the CH bonds between the hydrogen atoms and their nearest carbon
neighbors.

Vjk ) ∑
N

úN
(3RjNRkN - RN

2δjk)

RN
5

- 2∑
µ

〈ψµ|3rjrk - r2δjk

r5
|ψµ〉
(1)

TABLE 2: 14N Nuclear Quadrupole Coupling Constant and
Asymmetry Parameter for Cocaine Free Base System

e2qQ (MHz) η

cluster sizea basis set theory exptc theory exptc

17 STO-3Gb -5.736 5.0229 0.024 0.0395
24 STO-3G -5.682 5.0229 0.033 0.0395
43 STO-3G -5.673 5.0229 0.030 0.0395
24 D95vb -4.983 5.0229 0.046 0.0395
43 D95v -5.030 5.0229 0.068 0.0395
24 D95b -4.990 5.0229 0.045 0.0395
43 D95 -5.038 5.0229 0.067 0.0395

aRefers to the different cluster sizes used with nitrogen as origin,
with 43 atoms referring to the complete cocaine molecule.b STO-3G
basis sets are taken from ref 14; D95v and D95 basis sets are taken
from ref 19.c Experimental results are taken from ref 2, only the
magnitude ofe2qQ having been determined but not its sign.
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theoretical evaluation ofe2qQ requires a knowledge of the
nuclear quadrupole momentQ of the14N nucleus for which we
have used the value 0.015 barns21 as in earlier work. This choice
of Q is obtained21 from an accurate many-body calculation of
the efg in the ground state of the nitrogen atom for which the
experimental value fore2qQ is available. To have an idea about
the sizes of basis sets used for the molecular orbital calculation
for the full cocaine molecule containing 162 electrons, the STO-
3G choice involves 131 basis functions and 393 primitive
Gaussians, D95v involves 240 basis functions and 634 primi-
tives, and D95 involves 262 basis functions and 612 primitives.

III. Results and Discussion

We turn next to the results of our calculation for the nuclear
quadrupole interaction parameterse2qQandη for the14N, 17O,
and 2H nuclei following the procedure for obtaining the
electronic wave functions and the evaluation of the efg tensor
components described in the preceding section.
As regards the geometry, as briefly mentioned in section II,

we have utilized the position parameters of the various atoms,
based on the structural data10 obtained from X-ray analysis of
cocaine hydrochloride. For determining the hydrogen positions
in cocaine hydrochloride, a three-dimensional Patterson analy-
sis11was carried out with the aid of the (0kl) Patterson function11

for cocaine hydrobromide based on the (0kl) electron density
map of cocaine hydrochloride. It would have been preferable
to use the position coordinates in pure cocaine itself, but
unfortunately such information is not available currently, and
therefore the atomic positions for pure cocaine were taken from
tha analysis of cocaine hydrochloride.10 However, as mentioned
in section II, the published positions of H(22), H(23), and H(24)
appeared to be erroneous because they led to very large CH
bond distances corresponding to their nearest carbon neighbors,
and we have redetermined these positions through energy
minimization. The corresponding coordinates of these protons
and associated bond distances are listed in Table 1. A
determination of all the atomic coordinates in cocaine based
on energy optimization for the pure cocaine molecule starting
with the coordinates from cocaine hydrochloride would have
been too time-consuming.
In Table 2 we have presented the results for bothe2qQ and

η in cocaine, the first two rows representing the results for the
truncated fragments with 17 and 24 atoms described in section
II, the third row referring to the full (43 atoms) cocaine
molecule. In all these three cases we have used the minimal
basis set STO-3G.14 In the fourth and fifth rows we have
presented the results for the 24-atom fragment and the full
molecule with the more flexible basis set D95v.19 In the sixth
and seventh rows the results for the D95 basis set19 are listed.
From the results from the first three rows of Table 2, corre-
sponding to the STO-3G basis set, one can see that there is
good convergence ine2qQ with respect to the sizes of the
clusters chosen. Similar convergence is also observed from the
fourth and fifth rows with the extended basis set D95v and also
from the sixth and seventh rows for D95. These results suggest
that in the future one could truncate a large molecule to a smaller
cluster for economy of computational time in attempting to
determine the efg tensors at the nuclei of interest and obtain
reliable results without significant loss of accuracy, provided
reasonable cluster sizes are chosen.
Next, examining Table 2 for the results obtained for different

basis sets, namely, STO-3G, D95v, and D95, there is a
significant difference between the results for bothe2qQ andη
for the STO-3G basis set and the two other basis sets. This
difference is not unexpected since the efg tensor is very sensitive

to the anisotropy of the electron distribution near the14N
nucleus. It can also be seen from the comparison of the results
for the D95v basis set in rows four and five of Table 2 and six
and seven for the more flexible D95 basis set that both these
basis sets lead to results very close to each other when applied
to similar size clusters. Since the D95 basis set allows for more
flexibility for the core-like molecular orbitals than D95v, the
close agreement between the results with both basis sets
indicates that Sternheimer shielding effects are weak. This result
is not unexpected for nitrogen, from earlier shielding investiga-
tions in light atomic systems17 and from many-body investiga-
tions in nitrogen atom.21 From here on, for the rest of this
section, we shall only refer to the results from the D95 basis
sets, since both D95v and D95 lead to nearly identical results.
It is worthwhile to remark here that the difference between
results with the STO-3G and D95 basis sets is more pronounced
for η than fore2qQ. This trend can be understood from the
fact4 that the14N quadrupole coupling constant depends on a
single componentVz′z′ of the efg, whereasη involves the
difference between the principal componentsVx′x′ andVy′y′. One
therefore expectsη to depend more sensitively on the wave
functions for the occupied molecular orbitals and hence on the
choice of the basis set. In making quantitative comparisons
with experiment, it is important to remember that the STO-3G
approximation represents the use of a rather limited basis set
for the variational calculation of molecular orbital wave func-
tions. Since, in principle, the more flexible basis sets are
expected to provide wave functions that are more accurate from
a theoretical point of view, it is justifiable to consider the results
with the D95 basis set to be more representative than STO-3G
of what one expects within the framework of the Hartree-Fock
approximation. Therefore it is appropriate to compare only the
theoretical results for the D95 case with experiment. In light
of this argument, one cannot attach too much significance to
the fact that the results for the STO-3G case are in somewhat
lesser agreement with experiment fore2qQ and better forη.
The only important feature is the fact that both STO-3G and
D95 basis sets lead to small values ofη, in qualitative agreement
with experiment, suggesting that the electronic environment
around the14N nucleus has symmetry close to axial.
Comparing our results from the seventh row involving the

D95 basis set and the whole molecule used as a cluster with
experimental results, the experimental value fore2qQ is seen
to be in excellent agreement with theory, whileη is significantly
different from experiment. There could be a number of possible
reasons for the quantitative difference between the experimental
and theoretical values ofη. One of the reasons could be that
the atomic positions employed in the present investigation are
based on the structure of cocaine hydrochloride obtained from
X-ray studies.10 It is possible that if one removed the HCl
subunit from the cocaine hydrochloride structure, there may be
some rearrangement in the positions of the various atoms within
the cocaine molecule. In order to take this into account, a full-
fledged optimization is required for the positions of all the atoms
in cocaine, which would be very time-consuming because of
the large size of the cocaine molecule. The second possibility
is the process by which the cocaine hydrochloride structure has
been determined. The X-ray analysis, combined with Patterson
analysis to determine10 the hydrogen positions in cocaine
hydrochloride, is likely to be not as accurate as one would expect
from the application of the neutron diffraction procedure.22 The
third possibility is that the experimental values2 of e2qQandη,
which we are comparing with our theoretical results, are
obtained in the crystal, whereas our theoretical investigation
was carried out for a single molecule. Intermolecular interac-
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tions could influence the nature of the electron distribution in
the neighborhood of the14N nucleus and hence the calculated
values fore2qQ and η. This again would be a rather time-
consuming investigation, but we hope it can be carried out in
the future to examine if the influence of the intermolecular
interactions can improve the small but significant difference
between theory and experiment forη, without affecting the
excellent agreement fore2qQ.
In Table 3, we have presented our predictions for the nuclear

quadrupole coupling constants (e2qQ) and asymmetry parameters
(η) for 17O and2H nuclei with spins respectivelyI ) 5/2 andI
) 1 in the two cases. These results are obtained using our
calculated wave functions with the D95 basis set and the
quadrupole moments of-0.025 7823 and 0.002 8623 barns for
17O and2H (deuteron) nuclei. Looking at the results in Table
4, one can see that thee2qQ for all the2H nuclei are similar in
value, with the exception of H(43), for which the value ofe2qQ

is somewhat higher. This suggests that the bonding for all the
H atoms to its nearest neighbor carbon atoms are essentially
like the bonding in methane or benzene molecules, with the
CH bonds essentially isolated from neighboring groups. This
is supported by the geometries10 of the hydrogen around the
carbon atoms to which they are bonded, which indicate that
the bonds with these atoms are disposed in a nearly tetrahedral
or trigonal manner. The geometry for the locations of the
neighboring atoms around H(43) suggests a possible explanation
for the largere2qQ for the deuteron at this position, namely,
the relatively strong interaction between the neighboring O(35)
and H(43) attached to C(32). This expectation is based on the
facts that the C(32)-H(43) bond distance is only 0.93 Å,
substantially smaller than the corresponding distances of the
other two H atoms H(41) and H(42) which are also bonded to
C(32); the bond angle H(43)-C(32)-O(35) is 95.2°, signifi-
cantly smaller than the ideal tetrahedral bond angle of 109.47°;
and the O(35)-H(43) distance is only 1.77 Å as compared to
the corresponding distances of 2.18 and 2.06 Å for H(41) and
H(42). It would be very helpful to have experimental data for
e2qQandη for deuterons at all the hydrogen positions in Table
4 and particularly H(43), by selective deuteration if possible,
using conventional or special nuclear magnetic resonance
techniques for nonabundant nuclei,24,25to compare with theory.
Additionally, it would be helpful to have, through neutron
diffraction studies, a more accurate knowledge of the hydrogen
atom positions than currently available from X-ray measure-
ments.
The last four rows of Table 3 list thee2qQandη for the17O

nuclei for the four oxygens in cocaine. It is interesting that the
quadrupole interaction parameters for the four oxygens divide
into two pairs, O(21) and O(35), and O(33) and O(34). For
the first pair,e2qQ are negative and comparable in magnitude
and theη are sizable. The second pair have positive signs for
e2qQand have magnitudes similar to the other pair but smaller
values ofη. The similarity between the members within the
pairs is not unexpected, since both O(21) and O(35) are bonded
to two carbons, while the atoms O(33) and O(34) are bonded
to single carbons. Hence the electronic charge distributions in
the neighborhood of the oxygen nuclei for the two pairs are
expected to be substantially different from each other. It would
be very helpful to have experimental results fore2qQandη for
the 17O nuclei to examine how the predicted trends ine2qQ
andη compare with those from experiment and also the nature
of the quantitative agreement between theory and experiment.
Lastly, in Table 4, we have presented the results for the

charges associated with different atoms in the cocaine molecule
that are obtained through the Mulliken approximation26 using
our calculated Hartree-Fock wave functions for the D95 basis
set. It is hoped that these will be useful in the understanding
of the affinity of different molecular groups for attachment at
the various atomic sites of this molecule. It would also be
helpful to have X-ray photoemission spectroscopy (ESCA)27

measurements for the core 1s electrons in the carbon, nitrogen,
and oxygen atoms to obtain experimental information about the
charges at the various atoms to compare with our results in Table
4. The ionization energies of the core 1s electrons have been
found28 to have a systematic dependence on the charges on these
atoms in various molecules.

IV. Conclusion

The results for the nuclear quadrupole interaction parameters
for cocaine provide excellent agreement with experiment2 for
the 14N nuclear quadrupole coupling constant and reasonably
good agreement for the asymmetry parameter, in the latter case,

TABLE 3: Nuclear Quadrupole Coupling Constants and
Asymmetry Parameters for 17O and 2H in Cocaine Free Base
System

nuclei e2qQ (MHz) η

H(9) 0.239 0.063
H(10) 0.245 0.039
H(11) 0.228 0.168
H(12) 0.255 0.041
H(13) 0.230 0.019
H(14) 0.232 0.051
H(15) 0.286 0.027
H(16) 0.236 0.059
H(17) 0.258 0.015
H(18) 0.234 0.070
H(22) 0.213 0.059
H(23) 0.212 0.054
H(24) 0.208 0.100
H(36) 0.253 0.038
H(37) 0.243 0.068
H(38) 0.256 0.052
H(39) 0.240 0.070
H(40) 0.257 0.038
H(41) 0.195 0.083
H(42) 0.258 0.085
H(43) 0.481 0.094
O(21) -12.526 0.563
O(33) 11.712 0.027
O(34) 12.816 0.236
O(35) -12.193 0.293

TABLE 4: Effective Charges on Different Atoms in
Cocaine Free Base System

nuclei charge nuclei charge

C(1) -0.076 H(23) 0.191
C(2) -0.307 H(24) 0.141
C(3) 0.143 C(25) 0.514
C(4) -0.437 C(26) 0.120
C(5) -0.143 C(27) -0.275
C(6) -0.220 C(28) -0.236
C(7) -0.477 C(29) -0.181
N(8) -0.349 C(30) -0.232
H(9) 0.269 C(31) -0.280
H(10) 0.306 C(32) -0.391
H(11) 0.223 O(33) -0.393
H(12) 0.230 O(34) -0.473
H(13) 0.196 O(35) -0.468
H(14) 0.229 H(36) 0.263
H(15) 0.136 H(37) 0.218
H(16) 0.199 H(38) 0.220
H(17) 0.222 H(39) 0.217
H(18) 0.199 H(40) 0.255
C(19) -0.456 H(41) 0.198
C(20) 0.551 H(42) 0.218
O(21) -0.549 H(43) 0.307
H(22) 0.177
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at least to the extent that both theory and experiment lead to
values forη significantly smaller than 0.1. Additionally, the
position parameters for the hydrogen atoms that were incorrectly
presented in ref 10 dealing with structural data for cocaine
hydrochloride and are redetermined in the present work through
energy minimization are found to be in good agreement when
two different sized fragments involving 17 and 24 atoms are
used, showing good convergence with respect to cluster size,
suggesting that the same hydrogen positions would apply for
the full cocaine molecule. Similar good agreement is found
(Table 2) also for the calculated14N nuclear quadrupole
interaction parameters between that for the 24-atom cluster and
the entire molecule involving 43 atoms and also with the
experimental values.2 All these results provide support for the
Hartree-Fock procedure for the treatment of the energetics of
large drug molecules as well as properties that depend on the
electronic wave functions and also for truncating the large
molecules to reasonable size clusters to make the procedure for
quantitative analysis practicable in terms of time. These
conclusions should be helpful in the future in dealing with the
properties of large molecules.
The very good agreement between theory and experiment for

the nuclear quadrupole interaction parameters leads us to look
at the causes for the remaining small differences between the
two for the asymmetry parameter, to see if one could further
improve the quantitative agreement with experiment. Among
the possible causes pointed out in section III are the need for
the determination of the positions of the hydrogen atoms for
free cocaine by the neutron diffraction technique,22 which is
more accurate in contrast to the Patterson analysis10,11 based
on X-ray diffraction, the effect of the intermolecular interactions
between neighboring molecules, which one expects to influence
the efg tensor, and also many-body effects. The latter effects
are expected to be rather time-consuming, but should be
attempted in the future, to provide greater insights into the origin
of the efg tensors at the nuclei in cocaine. The understanding
of the intermolecular interactions in the solid state would be
very helpful in the future study of the more complicated
phenomenon of the temperature dependences2 of the nuclear
quadrupole interaction parameters. Further, many-body effects,
which are rather difficult to study in such a complex molecule,
seem to be not too important because of the good agreement
found between the theoretical results in the present work and
experimental results.2 Nevertheless, it would be interesting to
test this conclusion in the future by a many-body calculation.
Lastly, the other results of our investigation discussed in

section III would be helpful to test by future experimental
measurements to obtain a more complete understanding of the
electron distribution over the cocaine molecule. Among these
results are the nuclear quadrupole interaction parameters for17O
and 2H nuclei substituted respectively for the abundant16O
nuclei and the protons in the molecule. The other property refers
to the charges on the atoms in the cocaine molecule which can
be tested using the ionization energies of the core 1s states of
carbon and nitrogen atoms through the ESCA technique.27,28
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