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ABSTRACT

Theoretical calculations and preliminary measurements of vibrational Raman optical activity (ROA) spectra of different
species of amphetamine (amphetamine and amphetamine-H") are reported for the first time. The quantum chemical
calculations were carried out as hybrid ab initio DFT-molecular orbital calculations by use of the Gaussian 03W pro-
gram, based on complete geometry minimizations of the conformational energy of the S-(+)-amphetamine molecule, the
S-(+)-amphetamine-H" ion, and the R-(-)-amphetamine molecule. Following this, harmonic frequency calculations
have been made, providing information about the cation vibrational bands, expected in salts of single anions (chlorides)
as well as in salts of anions with internal bonds (sulfates, hydrogen phosphates, etc.). It shows that the kind of anion
should be given better attention, as so far it has often not been the case, when the spectra are employed for identification
purposes. The DFT calculations show that the most stable conformations are those allowing for close contact between
the aromatic ring and the amine hydrogen atoms. The internal rotational barrier within the same amphetamine enanti-
omer has a considerable influence on the Raman and ROA spectra. As predicted the experimental ROA spectra were
found to depend on the chirality. Two street samples, provided by the London Police, were also measured and compared
to the calculated ROA spectra. The street samples were found to contain different enantiomers of the protonated am-
phetamine-H" sulfate. According to the present study the AMPH" ion in aqueous sulfate solution seems to adopt a con-
formation in which the phenyl and ammonium groups are in transpositions, similar to what has been found in the solid
state.
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1. Introduction formula C¢Hs-CH,-C*H(CH;)NH,. Consequently, diffe-
rence in their biological functions can also be found, e.g.
the S-(+)-isomer exhibits higher cardiovascular effect,
but, greater pharmacologic potency than the correspond-
ing R-(-)-isomer, perhaps up to 10 times [1-6]. This is
why it is important that determination of AMP species
should be carried out by methods that are capable of pro-
viding information on the enantiomeric purity and chirality.
However, the amphetamine molecule has not, according
to our knowledge, been chirally examined, except by

Theoretical calculations and preliminary measurements
of vibrational Raman optical activity (ROA) spectra of
different species of amphetamine (amphetamine and
amphetamine-H") are reported for the first time. Amphe-
tamine (AMP) is a chiral compound, DL-amphetamine,
with CAS no. [300-62-9] and a melting point of about
138°C - 146°C. The stereochemistry is such that the
molecule can be found with two enantiomeric forms: a)

the R-amphetamine (CAS reg. no. [156-34-3]), which
also can be found named R-(-)-amphetamine, L-AMP or
levo-AMP, and b) the S-amphetamine (CAS reg. no. [51-
64-9]), which also can be named S-(+)-amphetamine,
D-AMP or dextro-AMP. The two enantiomeric forms
differ from each other by the three-dimensional geometry
around the asymmetric C* atom (C8), as expressed in the

*Corresponding author.
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electronic circular dichroism (CD), which showed that
the AMP-CD signal was too weak to be conclusive [7].
Therefore, the following study can be considered as the
first of its kind on the AMP molecules.

The interest in AMP is due to its effect on the nervous
system, but mostly for its worldwide illegal abuse. It is
one of the most common drugs for misuse found in the
illegal market, and with various qualities due to the un-
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controlled purity; a feature which unfortunately has been

associated with mortal consequences. Identification of
the provenience of a drug is of considerable interest from
a forensic point of view and for legal matters. The purity
and quality vary due to the illegality and lack of control
of the market [8]. Medicaments on the market may in
particular contain mixtures of S-(+)-isomer and R-(—)-iso-
meric forms—in varying amounts of one species with re-
spect to the other—a matter that could influence the acti-
vity of the sample when used. Determination of the ratio
of one enantiomer to the other, or the content of impuri-
ties in a sample has been a subject for different bio-
physical methods. However, we have earlier shown that
confusions in determination of these molecules and in
describing them were surprisingly more common than
expected [9]. In that work, we showed that by using Raman
and surface enhanced Raman spectroscopy (SERS) com-
bined with quantum chemical DFT calculations, it was
possible to demonstrate the differences between what
people almost agreed on to be AMP and what really has
been measured. The confusion among previously re-
ported results occurred mainly in the differentiation be-
tween amphetamine itself and the protonated chloride or
sulfate salts, formed because amphetamine is a weak
base (pK, is ~9.8) and thus has the ability to become
protonated and occur as salts. The need for identifying
this drug and its related species has been sought for long
time, in that the available methods are either not very
accurate, e.g. due to limited selectivity (as it is the case
for colorimetric tools), or they are time consuming,
costly and/or require high concentrations of the sample
(like in the case of chromatographic, NMR and X-ray
methods).

Our attempt here is to use Raman and Raman optical
activity (ROA) measurements, combined with quantum
chemical calculations in order to achieve a thorough vi-
brational optical activity determination. This determina-
tion method was used to compare the results on two
street samples, which the London Police office has pro-
vided. According to our knowledge, calculated and
measured ROA spectra of AMP or protonated AMP have
never been reported. This fact could be explained by the
lack of sensitive and reliable ROA instruments, becom-
ing commercially available only recently [10-12]. The
attempt here to fill the gap is therefore of importance,
especially also with respect to impurities associated with
chirality. In the following, two species will be subject of
the ROA study: AMP and AMPH', which intentionally
were chosen because, as mentioned above, they are
found in most cases commonly referred to as AMP.

Today, Raman spectroscopy is a well-established tool
for determination of structural changes of molecules re-
gardless whether these molecules are found in gas, liquid
or solid state, and it has been proven powerful for mo-
lecular studies, too. On the other hand, ROA, until a
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decade ago has suffered from the lack of commercial
instrumentation, a matter that limited this tool to few
research laboratories [13]. Nevertheless, ROA has been
shown capable of providing rich information, especially
about molecular structures, e.g. backbone, secondary and
even tertiary structures [14-18]. In ROA, circularly pola-
rized light is utilized, and chiroptical information about
the examined molecule can be obtained. The detected
signal is simply the intensity difference of right and left
circularly polarized light. This may involve either meas-
urement set-ups utilizing only incident circularly polar-
ized (ICP) light, or only scattered circularly polarized
(SCP) light, or the difference in both circularly polar-
ized light of the incident and the scattered intensity, referred
to as being dual circularly polarized (DCP). In our meas-
urements we used the SCP setup. The theory of ROA has
already been fully established, a few years after the phe-
nomenon was reported [18], but a quantum-chemical
calculation was first realized almost 20 years later [19],
and the method became even more reliable once the de-
velopment of the method for calculating frequency de-
pendent polarizabilities [20] was found. Although ROA
quantum-chemical calculations are still representing a
challenge, the absolute configurations of CHFCIBr [21,
22] and deuterated neopentane have already been
achieved [23].

Experimentally, it has been demonstrated by e. g. Bar-
ron’s group at Glasgow University, that ROA spectra
could be measured for many kinds of molecules of life,
e.g. proteins, carbohydrates, nucleic acids and viruses.
Most importantly, ROA can be obtained from aqueous
solutions, i.e. mimicking the biological environment of
the samples [24-27]. However, due to the nature of ROA,
its signal is 3-5 orders of magnitude weaker than the
conventional Raman signal, and thus, it usually requires
high concentrations, e.g. above mM concentrations, and
long acquisition times, e.g. several hours to obtain ROA
spectra without noise. It is worth mentioning here that
the rapid development of combining ROA with SERS
into SEROA, both experimentally [28-31] and theo- re-
tically [32-34] so that it could soon make this tool at-
tractive even for industrial applications.

Nomenclature

We have earlier found the Raman spectra of AMP, ob-
tained by quantum chemical calculations or experimen-
tally to be sensitive to the internal rotational degree of
freedom around the C7-C8 bond [9]. The rotational ge-
ometry can influence the structure of the molecule, so
that changes can be seen in the vibrational spectrum, as it
will be shown below for the ROA spectra. We studied
the internal rotations in AMP, i.e. rotation of the bonds
attached to the chiral C8 atom, as it can be seen in Fig-
ure 1. To help illustrating the presentation of this work,

AJAC



412

R. W.BERG ET AL.

a) AMP
3 e, o0
2890 33 ‘;.H‘E‘ ,

A% 55
9 9
S-ZH ‘ s-ZC S-ZN
b) AMPH*
Jrlpl,,‘
2
2 <9
9 I Jd
S-ZH s-zC S-ZN

Figure 1. Calculated structures of lowest energy of a) AMP and b) AMPH" for S-ZH, S-ZC and S-ZN conformations in the
gas phase. The Z-letter in this notation represents the general skeleton shape of the molecule, seen from the viewer side.
C1-C6 are the atoms of the ring, and C7, C8 and C9 are those seen to the right. C7 is attached to the ring through C1, N is
attached to C8 and C9 is that of the methyl group. The planar Z-letter therefore is made from the atoms C1-C7-C8 and the
final atom, respectively H or C9 or N bound to C8. As an example in S-ZC the final atom is C9.

we will refer to the molecule by a notation that represents:
1) its enantiomer, e.g. S; 2) its skeleton shape, which
when seen in the figure plan appears as the letter Z in
Figures 1; and 3) the arrangement of the atoms that are
attached to C8, i.e. N, C and H. Here, the numbering of
the atoms should be considered as C1-C6 to represent the
carbon atoms of the ring, and C7 and C8 are those to
follow, right after the ring. Accordingly, the different
conformers, studied in this work, can be denoted S-ZN,
S-ZC and S-ZH, for both AMP and for the amphetam-
monium ion (designated AMPH"), as shown in Figures
1(a) and (b), respectively. Among the denoted stereoi-
someric/conformational geometries, the S-ZC conformer
was found to be the most stable form in the AMP mole-
cule in the gas phase [35]. In the AMPH" sulfate [36,37]
and di-hydrogen phosphate [38] crystal structures the
conformation was found to be S-ZN.

2. Experimental
2.1. Sample Preparation

Samples of di-D-amphetammonium sulfate (di-D-AMPH"
sulfate) and DL-amphetammonium sulfate (DL-AMPH"
sulfate) were purchased from Sigma Aldrich. A concen-
tration of 80 mM was prepared by dissolving 5.3 mg of
di-D-AMPH" sulfate and 5.9 mg of DL-AMPH" sulfate
in 180 pL and 200 puL of H,O, respectively.

Two street drug powder samples (Drug A and Drug B),
provided by the London Police, were prepared by directly
dissolving them in water, similarly to the standard sam-
ples, to obtain concentrations of 60 and 64 mg/mL, res-
pectively. It has been found that these samples contained

Copyright © 2012 SciRes.

impurities, which gave a high background level of fluo-
rescence in the spectra [9]. This necessitated cleaning of
the sample solutions by centrifugation and filtering, car-
ried out by microspinning for 5 min at 1000 rpm in filter
vials (Lida Microspin Filter, 0.2 um PES, PP w/RCV +
cap, Cat# 8508-00). By these operations, amounts of esti-
mated 10 % were lost but the fluorescence was reduced
by about a factor of 0.01. The solutions were then kept
and measured in closed 2 mL glass vials.

2.2. ROA Spectral Acquisition

The ROA spectra were obtained by using a ChiralR4-
MAN (Biotools Inc., USA) instrument, which simultane-
ously provides Raman and ROA spectra of the sample. In
this SCP-type of instrument, the right (Iz) and left (Ir)
circularly polarized scattered light beams are subse-
quently measured under identical conditions. The sum of
the intensities (Ig + I) represents the Raman intensity,
whereas their difference (I — I1) represents the raw ROA
intensity. The dimensionless circular intensity difference
(CID or A) is defined as A = (Ig — Ip)/(Izx + I). The deno-
minator is the conventional Raman scattering intensity.
The ROA spectra shown below were obtained using a
laser source of wavelength 532 nm, a power of 300 mW
at the sample and an acquisition time of 10 hours, and
they are baseline corrected. To prevent heat deposition in
the sample, two shutters were mounted in the beam path,
one before and one after the sample, stepwise synchro-
nized with the spectral acquisition time. The acquisition
was stopped when no improvement in the signal to noise
ratio (S/N) was found. The noise level was unfortunately
quite high for the used thin solutions.
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2.3. Quantum Chemical Calculations

The quantum chemical geometry optimizations were ob-
tained by calculations using the Gaussian 03W program
package [39]. The calculations were repeated by use of the
Spartan program package [40,41] with the same methods
and basis sets. The harmonic frequencies and the corre-
sponding first order spectra were found by use of Gaus-
sian, including all three types of internal rotational con-
formations (around the C7-C8 bond) for both AMP and
AMPH’, as shown in Figure 1. The AMP molecule has
furthermore a quite marked energy dependence on the
rotation around the C8-N bond. This behavior was stud-
ied by energy barrier calculations and the results are
shown in Figure 2. In order to account properly for the
electron correlation effects in the conjugated molecular
system, the time-efficient density functional theory (DFT)
approach was employed, including the B3LYP hybrid
method, which incorporates a mixture of restricted Har-
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tree-Fock and DFT exchange terms and the third order
Becke parameterized gradient-corrected correlation func-
tional of Lee, Yang and Parr. To represent orbitals basis
sets of the 6-311G + (d,p) type were used.

The vibrational frequencies were computed from the
second derivatives of the energy with respect to the Car-
tesian nuclear coordinates and then transforming to mass-
weighted coordinates. Due to the fact that the surroundings,
e.g. solvents, were ignored in these gas phase calculations,
the wavenumber scales were—as often in such calculations
—found somewhat higher than the experimental meas-
urements. Empirical scale factors of the order of 0.95 has
often been applied to obtain acceptable fitting to the experi-
mental bands. In the present work we did not apply any
empirical scale factor, and neither was any solvent nor con-
tinuum included. The band shape of the lines was modelled,
using the Gaussian standard broadening procedure, in the
far-from-resonance approximation at room temperature.
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Figure 2. The AMP molecule-fixed in one of the minimum S-ZH, S-ZC or S-ZN conformations, respectively, has a rotational
degree of freedom around the C8-N bond. Depending on preselected values of the dihedral angle C7-C8-N-H (abscissa), the
molecule minimum energy varies considerably, as can be seen from plots (a, b and c). The amplitude variation is large when
the amino group has contact with the aromatic ring (a and b) and smaller when the amino has no contact (c). For the ion
AMPH'—because of the 3-fold repetition symmetry of the NH group around the C8-N bond—the situation is more simple:

The minimum energy corresponds to the situation in which two ammonium protons approach the ring in the S-ZC confor-
mation, see plot (d). All energy points shown correspond to conformations in the gas phase, totally minimized except for the

fixing of the abscissa to the shown values.

Copyright © 2012 SciRes.
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3. Results and Discussion

3.1. Structures

The quantum chemical calculation results are reported in
Tables 1-2 and in the figures. The optimized structures

R. W. BERG

ET AL.

and the corresponding minimized energies of AMP and
AMPH" are given in Table 1 and Figure 1. Comparing
the energy values, the S-ZC conformations of both AMP
and AMP-H" clearly represent the most stable conforma-
tion, see Figure 1.

Table 1. Minimum energies and dipole moments of the optimized structures of AMP and AMPH", calculated by use of
6-311G+(d,p)/B3LYP/DFT modelling. The corresponding calculated ROA spectra of the S-species can be seen in Figure 5.

Species AMP AMPH"
. Energy, totally or relative* Dipole Moment Energy, totally or relative*® Dipole Moment
Conformation Hartree/particle Hartree/particle Debye
S-7H —405.653504 or 0.002530 —406.025836 or 0.002562 789
(or 6.64 kJ/mol) (or 6.73 kJ/mol) '
S-ZC —405.656034 or 0 —406.028398 or 0 754
Relatively most stable Relatively most stable '
S-ZN —405.654668 or 0.001366 —406.021738 or 0.006660 11.85
(or 3.59 kJ/mol) (or 17.49 kJ/mol) ’
RZN —405.654668 or 0.001366

(or 3.59 kJ/mol)

*Energies exclusive zero point vibrational corrections. For better comparison the energies are also given in kJ/mol, absolutely and relative to the S-ZN con-

former of the lowest energy (1 Hartree/particle = 2625.5 kJ/mol).

Table 2. Calculated vibrations of the AMPH" ion in the S-ZN conformation according to gas phase 6-311G+(d,p)/B3LYP/
DFT modelling. Assignments are given for the modes that are also compared to measured Raman spectra of solid di-D-
AMPH" sulfate [(D-AMPH),SO,]. The columns are giving mode number, wavenumber, Raman intensity, ROA intensity, assign-
ment of the mode and tentative assignment of the measured Raman spectrum (wavenumber, band intensity, respectively).

Observed in Raman

Mode 1o, Wav(e n?lmber AARamaltl Activity _ ROA ICPL,/ SCP, Assignment’ for Solid
cm ) (A"/atomic mass unit) 180 di-D-(AMPH),S0,®

1 435 371 -152.9 C1-C7 rot

2 68.8 0.81 54.0 C7-C8 rot

3 96.1 2.80 -53.6 C1-C7-C8 wag

4 210.1 0.25 4.6 C8-N twist, C8-C9 twist

5 240.4 1.33 94.1 C8-C9 twist, ring wag

6 244.8 1.30 =715 C8-C9 twist

7 298.8 2.56 -18.5 C7-C8-N bend 255m

8 3442 0.12 -16.1 C2-C1-C7 ipl bend

9 379.8 0.59 —69.0 CH; rock 342 w
10 412.1 0.06 20.3 ring twist

11 418.7 1.94 -31.3 N-C8-C9 bend

12 501.4 1.48 -7.6 skeleton & ring def 435w

sulfate v4 bend

13 600.8 1.01 51.3 N-C8-C7 & ring ipl bend 466 w
14 634.5 4.23 -22.4 ring ipl def

15 712.3 0.19 —4.2 ring C-H & ring oopl def

sulfate v, bend

16 745.0 10.92 324 ring oopl def & N-C8 str

17 780.2 3.90 -71.8 ring oopl def & N-CS8 str

18 826.5 14.50 94.2 C1-C7 str & N-H bend & ring C-H bend ~502 w
19 855.0 0.40 21.9 ring C-H oopl def

20 871.6 6.21 49.9 Chain C-C & C-N str 604 w
21 902.6 1.56 41.9 C-H & N-H def, C1-C7 & C7-C8 str
22 934.2 0.84 —40.0 chain C-H def, ring C-H oopl def 623 m
23 939.6 0.65 46.8 NH; & CH; rock, ring C-H oopl def
24 958.1 5.03 123.1 NH; & CH; rock, C8-C9 str 740 w
25 992.2 0.06 5.1 ring C-H oopl def 752 w
26 1017.3 33.07 6.6 ring skeleton ipl def

Copyright © 2012 SciRes.
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Continued
27 1021.8 0.57 -2.0 ring C-H oopl def 826 m
28 1049.6 16.75 -17.0 ring C-C str & ring C-H ipl def 838 m
29 1070.4 2.11 55.2 skeleton & C-H def
30 1091.5 0.42 —-18.8 ring C-C str, C-H & N-H def 897 vw
31 1131.1 0.91 41.9 ring C-C str, C-H & N-H def
32 1190.3 2.73 -34 ring C-H ipl def 914 vw
33 1198.1 2.09 -187.7 chain str & C-H & N-H def 942 w
34 1206.9 4.16 —26.1 ring C-H ipl def
35 1218.0 21.74 169.2 C1-C7 str & ring C-H ipl def
36 1261.9 2.83 -102.3 C7H, twist, C-H angle def & ring C-H ipl def
sulfate v, str 977 s

37 1336.4 5.10 —63.4 ring & chain C-C str & C-H angle def 1002 vs
38 1346.3 2.99 —46.9 ring & chain C-C str & C-H angle def 1033 m
39 1359.4 1.44 352 chain C-C str & ring C-H angle def 1066 vw
40 1383.8 4.16 —85.3 C7-C8 str & C-H def 1103 vw
41 1392.7 1.67 -2.0 CH; umbrella & chain C-H def 1158 w
42 1425.0 1.15 70.4 CH; umbrella & C-H bend 1181 w
43 1477.3 10.61 -48.6 C7H; sci & CH; def 1210 m
44 1486.5 1.53 107.4 ring C-C str, C-H & N-H bend 1246 vw
45 1490.9 0.95 —45.8 NH; umbrella & C-H bend 1258 vw

1301 vw

1334 w
46 1498.5 4.46 -8.7 CH; def 1367 w
47 1500.4 2.06 -5.2 NH; umbrella & chain C-H bend 1396 w
48 1527.5 0.23 19.4 ring ipl C-H bend 1453 wbr
49 1626.2 8.72 35.0 ring C-C str & ring ipl bend 1583 w
50 1640.6 33.06 142.4 ring C-C str & ring ipl bend 1605 m
51 1659.2 4.09 142.6 NH; bend
52 1662.9 5.66 —-144.2 NH; bend

2775 vw
53 3007.8 130.07 —340.3 C7H, sym str 2881 w
54 30323 156.89 393 C9Hj; sym str 2937 m
55 3051.5 60.59 637.2 C7H, asym str
56 3083.6 39.40 —632.9 C8H str, COHj str
57 3102.8 47.53 709.7 C8H str, C9Hj str
58 3130.2 38.07 —568.7 C9H; asym str 2980 w
59 3149.6 58.59 157.6 ring C-H str
60 3162.4 50.78 —240.4 ring C-H str 3040 w sh
61 3182.0 89.36 -13.6 ring C-H str 3058 vs
62 3191.4 58.38 56.6 ring C-H str 3069 s
63 3201.5 268.80 —43.2 ring C-H str 3168 vw
64 3395.7 130.16 -39.4 NHj; sym str 3207 vw
65 3477.6 37.08 —247.6 NH; asym str 3227 vw
66 3485.8 50.47 —158.8 NH; asym str 3474 vw

*Assignment codes: asym = asymmetric, bend = bending, iph = in phase, ipl = in plane, ooph = out of phase, oopl = out of plane, rot = rotatory oscillation (also
often called torsion or twist), str = stretching, sym = symmetric, twist = twisting. "Codes for band intensity: w = weak, m = medium, s = strong, v = very, br =

broad, sh=shoulder.

When studying the geometry of different AMP con-
formers, it was found that rotation of the NH, amino
group around the C8-N bond had an appreciable influ-
ence on the minimum energy. We investigated this in-
fluence by fixing the AMP molecule in each of the
minimum S-ZH, S-ZC or S-ZN conformations, respec-
tively, and minimizing the energy under the constraint
that the dihedral C7-C8-N-H angles should stay at prese-
lected values. These results were obtained with the Spar-

Copyright © 2012 SciRes.

tan program [40] using the same basis sets, and giving
identical results. The dependence of the molecule mini-
mum energy versus the dihedral angle (abscissa) is shown
in Figure 2, plots (a, b and ¢). A considerable (amplitude)
variation can be seen. The energy is low when a proton
of the amino group has a near contact with the aromatic
ring (plots a and b) and smaller when the amino has no
contact (c).

The AMPH" ion was found to behave somewhat dif-
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ferently, due to the 3-fold repetition symmetry of the
ammonium NH; group around the C8-N bond. The
situation is simpler: The minimum energy, see Figure 2,
plot (d) corresponds to the situation in which two ammo-
nium protons in the S-ZC conformation approach the
aromatic ring.

We can compare this AMP calculation result to the
results of Godfrey et al. [35]. These authors also found
ZC as the most stable conformer in the gas phase: Their
“structure I’ with the dihedral angle of 174° was given as
the most stable geometry both experimentally (millime-
trewave rotational spectroscopy) and by means of their
MP2/6-31G(d,p) modelling. This result compares well
with our molecule, see Figure 2(b). From their spectro-
scopic experiments Godfrey et al. [35] also—as is to be
expected—found small amounts of another comforma-
tion (named “structure 11’) with the dihedral angle of —54
(energy 1.4 kJ/mol). This agrees also well with our Figure
2(b). The explanation for the high stability of the ZC
conformation seems to be due to the internal close con-
tact between the aromatic electrons and one of the amino
protons. This non-classical hydrogen bonding [35] fea-
ture is displayed in Figure 3 (the distance between C1
and H was around 2.675 A).

For the AMPH" ion in the gas phase, the agreement
between model calculations and the experimental X-ray
crystal structures is less obvious. We explain this in the
following way: When the ion structure was optimized as
a separate ion in the gas phase, the stabilization came
from the close contact (around 2.675 A) between C1 and
one of the ammonium protons, see Figure 3. In the
known crystal structures [36-38] the anions interfere with
the AMPH" cations, making the ZN conformation favor-
able. The stabilization energy must come from the crystal
lattice.

3.2. ROA Spectroscopy

In ROA spectroscopy, or generally in vibrational optical

s-zc AmpH*

$-ZC AMP

2371 A

99

Figure 3. Comparison between the minimum -calculated
distance between the C1 and the amino H in the gas phase
AMP molecule and the AMPH"ion. The reason for the sta-
bilisation of these conformations seem to be the internal
close contact between the aromatic electrons and the pro-
tons. In the known crystal structures the anions interfere
and make S-ZN AMPH" favorable.
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activity spectroscopy, the large number of probed vibra-
tional transitions makes it unlikely that a change in con-
formation of a chiral molecule should result in oppositely
signed bands in the entire ROA spectrum [42]. Therefore,
it should be possible to achieve knowledge on the abso-
lute configuration from associating measurements of the
enantiomers with quantum chemical calculations.

When the ROA spectra were calculated by the Gaus-
sian program for both AMP and AMPH" species the
output came out in several ways, one of them given as
the invariant ICP,/SCP, (180°) in units of 10* A¥AMU
(AMU = atomic mass units). As mentioned in Section 1,
for ROA experiments there are three possible polariza-
tion schemes of measurement and calculation. These
schemes are referred to as ICP, SCP or DCP, respec-
tively), depending on the experiment. Since we used the
SCP,, setup and a collecting angle of 180°, where “u”
denotes unpolarized scattering, the invariant ICP,/SCP,
(180°) is the relevant one here.

As a check of the absolute configurations, we calcu-
lated the minimized energies of the two opposite enan-
tiomers, R(—) and S(+), for example of the AMP ZN con-
figuration. The results are included in Table 1. The opti-
mized model of the S-ZN is the one shown in Figure 1;
R-ZN looked exactly like the mirror image. The calculated
corresponding ROA spectra of these AMP R-ZN and S-ZN
conformers are given in Figure 4. As the theory predicts
the spectra were completely opposite to each other, thr-
oughhout the whole wavenumber range (0 - 3500 cm™'),
Also, to our satisfaction, the minimum energy and dipole
moment were observed with identical values (Table 1).

/1
7/

S-ZN AMP

N
o
I

Calculated ROA Intensity (Ig -1 ) SCP, 180°
(=]
L
—

N
a
1

R-ZN AMP

/L

T T 7/ T T T T
3500 3000 1500 1000 500 0

Wavenumber / cm™"

Figure 4. Quantum Chemical DFT/B3LYP/6-311G+(d,p)
calculated ROA spectra for the S-ZN (red) and the R-ZN
AMP molecule conformer in the gas phase (magenta). The
region where no significant vibration is noticed has been
omitted.
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Calculated ROA spectra of the three different AMP and
three different AMPH" species are compared in Figure 5.
The spectra of all conformers of AMPH" and AMP differ
considerably from each other in the whole wave-number
range. Protonation of the amino-group has a large influ-
ence on the ROA spectra (compare the spectra of the
same color). This is quite similar to the behaviour found
for the Raman spectra [9]. Interestingly also the ROA
spectra of AMP or AMPH" respectively, depend on the
internal rotation around the C7-C8 bond. This can only
be interpreted as a result of the conformational isomer-
ism, as depicted in Figure 1. It means that, even within
the same species i.e. AMP or AMPH", spectral differ-
ences arise as a result of different coupling schemes among
the group vibrations depending on the geometry. Such a
behavior has been seen before [43]. This reveals that
such differences are exclusively attributable to the inter-
nal rotations, as any chirality difference within the same
species would have appeared in opposition to each other,
as seen in Figure 4.

To compare these theoretical results with experiments
we note that most available samples are amphetamine salts.
A measured Raman spectrum of the solid di-D-AMPH"

II

300 -
) ‘ 1 I l $-ZC AMPH"
8
E ]
"]
>
= s ZN AMPH"
= 200-—r—1‘
2
3,
o S-zH AMPH"
o
(=)
=
o
o
(7]
::,100-
T s 7C AMP
=
H ]
] S-ZN AMP
£
S
g 97
s S-ZH AMP
]
5
3
L /L
© L . L] vl . 1 . 1 x 1 » )
o 3500 3000 1500 1000 500 0

Wavenumber / cm”!
Figure 5. Calculated ROA spectra for three different con-
formations of AMPH' (above) and AMP (below) using
quantum chemical DFT/B3LYP calculations. Gaussian
6-311G+(d,p) and 6-311G(d,p) split valence basis sets were
used for AMP and AMPH", respectively. The differences
due to internal rotation are obvious when comparing the
spectra. The region where no significant vibration is noticed
has been omitted.
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sulfate is shown in Figure 6. The correspondence be-
tween this experimental Raman spectrum and a Raman
spectrum calculated with a DFT/B3LYP/6-311G(d,p)
model has been discussed previously [9]. In the present
study the Raman and the ROA spectra for the AMPH"
ion were calculated with a better model. Some of the
results (for the S-ZN AMPH" ion) are reproduced in Ta-
ble 2. The calculated ROA data can be seen in column 4
together with experimental data in the last column. Assi-
gnments for all 66 vibrations of the AMPH" ion in the
S-ZN conformation are given in the 5™ column of Table
2, based on animated modes given by the Gaussian soft-
ware [39]. These 66 modes are compared to the experi-
mental data—in the last column—see also Figure 6. The
assigning of these observed bands to the calculated
modes has been done based on best wavenumber match-
ing and also on the strengths of the peaks. Differences
are noticed between the measured and the calculated
wavenumber values of the modes. This is to be expected
and is probably due to the insufficient modelling of the
solid salt by an ion gas phase model, even though the
calculated conformation has the same specific internal
rotation (S-ZN) as found in the salt [36,37]. Differences
may also be due to the sulfate (hydrogen bonded to the am-
monium group) and the presence of fluorescing impurities.

To compare the calculated ROA results with experi-
ments, we measured ROA spectra of amphetamine-H"
sulfate standards purchased from Sigma-Aldrich and of
two street “amphetamine” samples, Drug A and Drug B,
dissolved in water. ROA spectra of Drug A and Drug B,
depicted in red and blue, respectively, are compared in
Figure 7. Unfortunately the signals were relatively weak
compared to the noise. Remarkably however, these two
samples seem to be different enantiomers of the same
species, as seen most noticeably in the regions 1100-950
and 1650 - 1450 cm ', The spectral bands in these “fin-
ger-print” regions are mainly due to N-H angle deforma-
tion, ring C-C stretching and C-H in ring plane angle
deformations, according to our calculations (see Table 2).
The region around 1000 cm ' is highly characteristic for
AMPH?, as it has been discussed before [9].

With regard to ROA spectra of the standard samples,
the DL-AMPH" sulfate solution, as expected, did not
show any ROA activity: Equal amounts of the R and S
conformations cancel the ROA signal. In contrast to this
the di-D-AMPH" sulfate standard solution gave an ROA
spectrum that is shown in Figure 8, compared to the two
street samples, Drugs A and B. Previously Raman spectra
for the same samples were studied [9] and bands observed
at 1006 cm ' and 981 cm ' have been assigned to the
AMPH" and SO; ions, respectively (see also Table 2).
It is worth mentioning that in spite of the fact that the
SO} ion has no direct chirality, its 981 cm ' band can
still be seen in the ROA spectrum. This is attributed to an
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Figure 6. Raman spectrum of solid di-D-AMPH" sulfate, obtained on a LABRAM instrument with 514.5 nm laser light exci-
tation [9]. The region where no significant vibration is noticed has been omitted.
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5.0x10" 4
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Figure 7. ROA spectra of street samples dissolved in water:
Drug A (blue) and Drug B (red). It seems from these spec-
tra, as indicated with asterisks, that many peaks occur with
opposite sign, shape and intensity, signalling opposite chira-
lity. This is obvious especially in the 1050 - 950 cm™ region.
Some regions have been omitted.

interionic effect. It is known that interionic interactions
may introduce chirality into non-chiral molecules or ions
bound to chiral species. Here, the sulfate ions must cer-
tainly be interacting with the chiral AMPH" ions by vir-
tue of hydrogen bonds in the solution, somewhat similar
to what was seen in the solid state [37,38]. The appear-
ance of the signal in both of the spectra of Drugs A and B
indicates that it is not likely to be an artefact.

When comparing the spectra in Figure 8, strong simi-
larities between the standard sample and one of the street

Copyright © 2012 SciRes.
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Figure 8. ROA spectra of street sample solutions (in water)
of Drug A and Drug B, compared to a solution of a pur-
chased standard di-D-AMPH" sulfate sample. The peaks
marked with asterisks show quite a resemblance between
the standard sample (black) and one of the street samples,
Drug B (red), especially in the 1100 - 800 cm™ region. The
three ordinate scale magnitudes can be judged by compare-
son to Figure 7. For clarity some regions have been omitted.

samples (Drug B) can be noted (peaks marked with as-
terisks). This feature is most apparent in the lower
wavenumber region (1100 - 800 cm™). Unfortunately the
noise level was too high to give details, suggesting that
more studies deserve to be carried out on stronger con-
centrations.

The measured ROA spectrum of the di-D-AMPH"
sulfate is compared to the calculated results in Figure 9
(see also Figure 5). It appears to be most satisfactorily
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Figure 9. Calculated ROA spectra of AMPH" ions in dif-
ferent conformations, compared to a solution of standard
di-D-AMPH" sulfate. The peaks marked with asterisks are
the ones that resemble peaks in the street sample, Drug B.

modelled by the calculated S-ZN AMPH" spectrum, es-
pecially when taking notice more to the shapes than to
exact matching of the wavenumbers. This is not surprise-
ing as the S-ZN form from the crystal may still be stabi-
lised in solution via formation of hydrogen bonds, etc.
The similarity between the experimental di-D-AMPH"
sulfate results and the AMPH" S-ZN modelling has also
been found for the Raman and SERS spectra [9].

4. Conclusions

The ROA spectra of chiral molecules can provide infor-
mation about the absolute configuration, when one or both
enantiomers are available. In this study we have obtained
Raman and ROA spectra of different species of amph-
etamine (amphetamine and amphetamine-H"), in which
internal rotations and chirality were included. Spectra of
street drug samples have been compared to standard
samples, showing them to possibly be different enanti-
omers of the same compound even though they give al-
most identical Raman spectra [9]. Also the standard
sample solution is likely to contain the AMPH" ion in the
S-ZN conformation, interacting with the sulfate ions.
Quantum Chemical DFT model calculations (geometry
minimizations followed by calculation of Raman optical

Copyright © 2012 SciRes.

activity spectra) indicate that obtained preliminary ROA
spectra can be used to assign the S(+)-amphetamine mo-
lecule and the S(+)-amphetamine-H" ion to their different
conformational states; the difference between these states
being their internal rotation, i.e. the arrangements of the
atoms or groups (H, CH; or NH,/ NH; ) bound to the C8
atom. This is the first time that ROA spectra of amph-
etamine compounds have been given. The spectra were
used to characterize two street drug samples as being
most likely opposite enantiomers of the same compound:
Amphetamine-H " sulfate. This compound (purchased and
used as a standard solution) was found to adopt the S-ZN
conformation in aqueous solution with C8 adopting the
S-chirality and with the NH; group completing the
letter Z in our notation for the different conformations.
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