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1. Introduction

Conformational analysis of amphetamine and
methamphetamine: a comprehensive approach
by vibrational and chiroptical spectroscopy+
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After cannabis, the most commonly used illicit substance worldwide is amphetamine and its derivatives,
such as methamphetamine, with an ever-increasing number of synthetic modifications. Thus, fast and
reliable methods are needed to identify them according to their spectral patterns and structures. Here, we
have investigated the use of molecular spectroscopy methods to describe the 3D structures of these sub-
stances in a solution that models the physiological environment. The substances were analyzed by Raman
and infrared (IR) absorption spectroscopy and by chiroptical methods, vibrational circular dichroism (VCD)
and Raman optical activity (ROA). The obtained experimental data were supported by three different com-
putational approaches based on density functional theory (DFT) and molecular dynamics (MD). Successful
interpretation relies on good agreement between experimental and predicted spectra. The determination
of the conformer populations of the studied molecules was based on maximizing the similarity overlap of
weighted conformer spectra by a global minimization algorithm. Very good agreement was obtained
between the experimental spectra and optimized-population weighted spectra from MD, providing a
detailed insight into the structure of the molecules and their interaction with the solvent. The relative
population of three amphetamine and six methamphetamine conformers was determined and is consist-
ent with a previous NMR study. However, this work shows that only a few isolated conformers are not
sufficient for the successful interpretation of the spectra, but the entire conformational space needs to be
sampled appropriately and explicit interaction with the solvent needs to be included.

(EMCDDA) and Europol (2016-2018),"° the highest number of
illegal laboratories were dismantled in Central Europe. Hence

Nowadays, synthetic modifications of stimulant drugs of abuse
amphetamine and methamphetamine are exploited world-
wide. Their main effect is in increasing the levels of noradrena-
line, dopamine and serotonin in the brain.' According to the
European Monitoring Centre for Drugs and Drug Addiction
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there is a need for quick and reliable analysis to identify them.

Most studies perform the determination of amphetamines
in biological samples (hair, blood, saliva or urine) or in seized
drug samples by commonly used techniques - gas chromato-
graphy (GC) with mass spectrometry (MS),*® high-perform-
ance liquid chromatography (HPLC),”'® nuclear magnetic
resonance (NMR) spectroscopy'' or vibrational techniques
such as infrared (IR)'"> and Raman spectroscopy.'>* IR and
Raman spectroscopy are widely employed as qualitative and
quantitative methods for drug identification for their fast ana-
lysis and reliability. It is of particular importance to analyse
and study the drugs of abuse in the same form as they are
taken into the organism."”™° Based on that, this work exam-
ines amphetamine and methamphetamine hydrochloride
diluted in an aqueous solution.

Amphetamine and its derivative methamphetamine are
both chiral molecules. In both cases, the (S)-enantiomer has
greater biological activity than the (R)-enantiomer. Standard
analytical methods detect amphetamine and methamphet-
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amine in the sample but cannot indicate the absolute con-
figuration. Thus, an additional analysis must be performed in
order to determine the presence of an individual enantiomer.
Enantiomer identification is necessary because (R)-meth-
amphetamine is actually part of several over-the-counter medi-
cines (e.g. Vicks® Vapor Inhaler in North America).>’ The
abuse of this enantiomer is rarely reported. Almost all abused
methamphetamine contains the (S)-enantiomer or the mixture
of both enantiomers. Isomer differences appear due to the
availability of different precursors on the drug market.*' >

NMR spectroscopy provides detailed information about the
structure of the studied molecules. Despite the fact that NMR
is blind to chirality,>* in some cases, it is possible to determine
the absolute configuration using complexes with chiral shift
reagents and empirical correlations associated with interpret-
ing the chemical shifts.>>>” A conformational preference of
amphetamine and methamphetamine hydrochloride salts
diluted in D,O was already studied using high-resolution NMR
spectroscopy analysing vicinal proton coupling with the help
of the Karplus relationship. The study revealed a high prefer-
ence for trans-phenylamino rotamers."*

Chiroptical spectroscopy allows direct determination of the
absolute configuration of native chiral compounds in a liquid
phase. The first attempt to measure ROA of amphetamine salt,
namely di-p-amphetamine sulfate in water solution, was
already reported and analysed by comparison with ab initio cal-
culations.* The mode assignment of the (S)-(+)-amphetamine-
H+ ion was also given. Unfortunately, the experimental spec-
trum of only one enantiomer was reported and was hampered
by the relatively high level of noise. By comparison with three
analysed conformations the measured sample seems to adopt
conformation II (Fig. 1), which corresponds to the results of
the previous NMR study, but it was not possible to resolve the
conformational ratio.

In order to verify and expand the previous preliminary find-
ings, we present the first comprehensive structural study of
amphetamine and methamphetamine hydrochlorides in an
aqueous solution performed by methods like VCD, ROA, IR
and Raman spectroscopy and supplemented by corresponding
dimensionless quantities, dissymmetry factor (DF) and nor-
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malized circular intensity difference (CID). Furthermore, the
interaction of amphetamine derivatives with solvent molecules
is taken into account directly in the calculations by a combi-
nation of a density functional theory (DFT) and molecular
dynamics (MD) approach.?®™%°

For successful interpretation of the analysed spectra and
deriving the molecular structural information, the correlation
between experimental and predicted spectra is discussed. As
was recently confirmed, the conformer populations derived
from Gibbs free energies suffer from large uncertainties orig-
inating from the calculation limits.*®*” As an alternative,
methods that fit a set of calculated spectra in order to minimize
the difference with the experimental spectra were suggested.
The first conformational analysis based on the linear fitting of
calculated and experimental dipole and rotational strengths of
the methylcyclohexanone was introduced in 1999 by F. J. Devlin
and P. J. Stephens.*® Another approach used the genetic algor-
ithm to continuously modify the calculated conformational
energies according to the predefined mutation rules to find the
best overlap between calculated and experimental
intensities.>*° In the manuscript, we present a robust approach
to determine the conformer populations of amphetamine and
methamphetamine based on maximizing the similarity overlap
independently of energies of molecular conformers. This
approach uses the minimization algorithm to optimize the con-
former populations and wavenumber scaling factor. As the com-
plexity of conformational space increases with the flexibility of
the studied molecular system, careful selection of the starting
points in the optimization procedure is needed due to the ten-
dency to slide down to the nearest local minimum. Therefore,
the effective two-step optimization including the Monte Carlo
method is demonstrated in the methamphetamine case. By
application of the presented algorithm to three different compu-
tational models - the conformers derived from the single mole-
cule (SM) DFT calculations with only implicit solvent model
(COSMO), MD geometries with fixed selected torsion angles
without explicit solvent molecules and partially optimized
solute-solvent cluster-based MD geometries, the importance of
appropriate conformational averaging and a need for explicit
solvent models are emphasized.
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Fig. 1 The structures of three and six stable conformers of (S)-amphetamine hydrochloride (left) and (S)-methamphetamine hydrochloride (right),
respectively. The characteristic torsional angles are defined as a; = «(1, 2, 3, 4), ax = «(2, 3, 4, 5) and a3 = «(3, 4, 5, 6).
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This complex study provides important insight into the 3D
structure characterization of the illicit substances in solution,
which is crucial for in vivo studies.

2. Materials and methods

2.1. Chemicals and sample preparation

Both enantiomeric standards of amphetamine and meth-
amphetamine were synthesized and enantioseparated (see sec-
tions 1 and 2 of the ESIf) at the Forensic Laboratory of
Biologically Active Substances (UCT Prague) with a purity
exceeding 98% (see Fig. S1, S2 and Tables S1, S2 in the ESI¥).

The standard of amphetamine was prepared according to
the standard oxime route from 1-phenylpropan-2-one. The
chiral separation of racemic (R/S)-amphetamine was per-
formed by crystallization with (2R,3R)-tartaric acid to provide
(S)-1-phenylpropan-2-amine-(2R,3R) hydrogentartrate (in 51%
yield) and (2S,3S)-tartaric acid to provide (R)-1-phenylpropan-2-
amine-(2S5,35)-hydrogentartrate (in 62% yield). Both hydrogen-
tartrate salts were converted to the corresponding hydrochlo-
rides by treatment with NaOH and later HCI in diethyl ether to
provide  (S)-1-phenylpropan-2-amine  hydrochloride: mp
153-154 °C [a]¥ = +24.2° (¢ = 5.00, H,0). From (R)-1-phenylpro-
pan-2-amine-(2S5,3S) hydrogentartrate (R)-1-phenylpropan-2-
amine hydrochloride, it was possible to analogously obtain:
mp 154-155 °C, [a]¥ = —24.7° (¢ = 5.00, H,0).

The (R)-methamphetamine hydrochloride standard was syn-
thesized from (R)-1-phenylpropan-2-amine hydrochloride
using methyl chloroformate to provide the corresponding car-
bamate. The carbamate was reduced by lithium aluminum
hydride (LAH) in dry tetrahydrofuran (THF). The crude free
base was converted to the hydrochloride salt by the addition of
HCI in diethyl ether and the precipitate was recrystallized from
acetonitrile to afford (R)-N-methyl-1-phenylpropan-2-amine
hydrochloride in 85% yield as white needles: mp 172-173 °C,
[a]®’ = —17.4° (c = 3.00, H,0).

The (S)-methamphetamine hydrochloride standard was pre-
pared from (1R,2S)-ephedrine according to the standard pro-
cedure including hydrogen iodide/red phosphorous reduction.
The crude free base was converted to the hydrochloride salt by
the addition of HCI in diethyl ether and the precipitate was
recrystallized from acetonitrile to afford (S)-N-methyl-1-phenyl-
propan-2-amine hydrochloride in 80% yield as white needles:
mp 173-174 °C, [a]¥ = +17.9° (¢ = 3.00, H,0).

Deuterium oxide (D,0; 99.9% D) for the dissolution of
amphetamine and methamphetamine was purchased from
ISOSAR GmbH, Germany.

2.2. Experimental spectra

The VCD and IR absorption spectra were measured on an FTIR
IFS 66/S spectrometer equipped with a VCD/IRRAS PMA
37 module (Bruker, Germany), a ZnSe photoelastic modulator
(Hinds Instrument, The United States), a BaF, polarizer, and
an MCT detector (InfraRed Associates, The United States).*’
The samples were prepared by dissolution in D,0 (400.0 g L™)
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and were placed into a BioCell cuvette with CaF, windows
(Biotools, Inc., The United States) and an optical path length
of 27.3 pm. The spectra were measured in a spectral range of
1250-1800 cm ™" with a resolution of 8 cm™' at ambient temp-
erature. Each VCD spectrum was an average of 12 blocks and
each of them was measured for 20 min and contained 3680
scans. The IR absorption spectra were presented as an average
of 32 scans measured with a resolution of 8 cm™. The baseline
for the IR and VCD spectra was corrected by subtracting the
solvent spectrum measured under the same conditions. VCD
spectra are plotted as averages of both enantiomers “(S-R)/2”.
IR and VCD intensities are given in epsilon units as molar cir-
cular dichroism (L mol™* em™). The raw spectra can be found
in the ESI (Fig. S3 and S47).

The Raman and ROA spectra were acquired on a ROA
instrument developed at Palacky University, Olomouc,*" largely
based on the design of W. Hug.*>"® The samples were dis-
solved in deionized water to concentrations of approximately
100 g L. The prepared solutions were filtered by a centrifugal
filter (PTFE membrane, 0.45 pm pore size). The samples were
measured in a rectangular fused silica cell of 70 pL volume at
stabilized temperature (298.0 K), using back-scattering geome-
try, the scattered circular polarization (SCP) modulation
scheme,** a solid-state continuous wave laser with 532 nm
excitation wavelength, ~600 mW laser power at the sample,
and 9-13 hours of accumulation time (for more experimental
details, see Table S31). The water signal was subtracted from
the Raman spectra and the ROA spectra are plotted as averages
of both enantiomers “(S-R)/2” with an approximate resolution
of 8 em™'. The raw spectra can be found in the ESI (Fig. S5
and S67). Further corrections were not performed, except for
mild third-order five-point Savitzky—Golay smoothing. The fre-
quency scale was calibrated using a neon lamp. The intensity
calibration was evaluated against a broadband calibration
source (tungsten-halogen lamp) and in correspondence to the
detected photoelectrons normalized by the excitation energy in
a wavenumber interval and sample concentration (e~ cm ]
¢t L).

Raman spectra are dominated by strongly polarized phenyl
group vibration at 1000 cm™" and since the phenyl group is
not directly linked to the chiral centre, its ROA signal is very
weak and prone to artifacts (the ROA to Raman ratio is in a
range of only a few ppm). Successful measurement of reliable
spectra therefore required a ROA spectrometer with a very high
level of artifact control (see Fig. S5 and S67).

From this point of view and due to their good water solubi-
lity, it seems that amphetamine and its analogues could be
very good reference materials for ROA spectroscopy. However,
this may be largely hampered by the fact that they are strictly
controlled substances.

2.3. Computations

After the initial optimization at the B3LYP**/6-31G(d) level of
theory, three and six stable conformers of amphetamine and
methamphetamine, respectively, were revealed and further
optimized using a larger basis set and hybrid DFT functionals

Analyst, 2023, 148, 1337-1348 | 1339
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(Fig. 1). Due to a longer alkyl chain and an increased number
of torsional angles in the molecule, a higher number of stable
conformers were obtained for methamphetamine than for
amphetamine. Torsional angles, Gibbs free energies and
corresponding Boltzmann weights (BWs) for optimized stable
conformers at the B3PW91/6-311++G** level are listed in
Table S4.1 The IR, VCD, Raman and ROA intensities were cal-
culated at several levels of theory using the Gaussian 16
program.“® The solvation effects were considered involving the
conductor-like screening model (COSMO) for water.*”™*° The
electrical charge of the molecules was set to +1 (an explicit
chlorine ion was not used).

MD simulations were performed using the Amber 18
software,*>*! using the GAFF2°* and TIP3P>® force fields for
the solute and explicit waters, respectively. The Antechamber®*
tool set was used to generate the Amber topology files for
amphetamine and methamphetamine using partial charges
calculated at the B3LYP/6-311++G** level. The solute molecule
was placed in a cubic box (13.1 A for amphetamine, 13.6 A for
methamphetamine) filled with water molecules (67 for
amphetamine, 75 for methamphetamine) and chlorine coun-
terion using Packmol script.>® The series of minimizations
and short equilibrations were performed to partially relax the
molecular system before it was subjected to a production run
of 100 ns, 1 fs integration time, NVT ensemble and tempera-
ture of 295 K. The distributions of characteristic angles accord-
ing to Fig. 1 derived from a 100 ns MD run of amphetamine
and methamphetamine are shown in Fig. S7 and S8, respect-
ively. As was expected, neither side of the phenyl ring is pre-
ferred (c¢f Fig. S7a and S8at). Obviously three amphetamine
conformers and six methamphetamine conformers are present
in the MD run. The preferred conformers were categorized
according to the chosen torsional angle intervals and their
relative abundance is noted in Table S5.f From snapshots
saved each 10 ps, 100 clusters in each conformer category were
generated consisting of water molecules closer than 3 A to the
solute in the centre. The first water solvation shell of the
amphetamine and methamphetamine comprises on average
18 water molecules, detailed distribution of the number of
water molecules is presented in Fig. S9.T The clusters were par-
tially optimized in the normal mode coordinates.’*>° Modes
with frequencies below 225 cm™ (or below 100i cm™" when
imaginary) were fixed during the optimization. Harmonic fre-
quencies, IR and VCD were calculated at the same level
B3PW91/6-31G**/COSMO(Water) with Grimme’s dispersion
correction with Becke-Johnson damping (GD3BJ)°”°! as the
normal mode optimization. The rDPS®* basis set was com-
bined with the B3PW91/6-31G**/GD3BJ/COSMO(Water) force
field for the Raman and ROA intensity tensors, based on the
previous experiences.®® For spectra generation the water mole-
cular property tensors were set to zero.

Alternatively, the simplified MD approach was used. The
solute geometries were extracted from saved MD snapshots
and then optimized considering the fixed torsion angles
(Fig. 1) at the higher B3PW91/6-311++G** level using the
implicit model COSMO(Water) instead of explicit water mole-
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cules. Following the calculation of the force field, the IR and
VCD intensities were determined at the same level, while for
Raman and ROA intensities the rDPS basis set was preferred in
this model.

For the visualization, all simulated spectra were obtained by
convolution with a Lorentzian profile of 8 cm™ bandwidth
(full width at half maximum) that justifies the comparison to
the experimental spectra. The effects of the deuteration of all
amine hydrogens were included in the calculations of the IR
and VCD spectra.

2.4. Spectral comparison

Precise conformational analysis lies on the comparison of
experimental and predicted spectra. All spectra in the pre-
sented manuscript are compared first qualitatively and then
quantitatively. The aim of the qualitative analysis is the assign-
ment of the most characteristic spectral patterns in the experi-
mental spectrum by a subjective comparison of band intensi-
ties and a sign pattern to the reference. However, this pro-
cedure should be taken with caution as it may lead to
unwanted bias or mode assignment errors caused by the
observer. The experimental and simulated vibrational spectra
were compared using the similarity factor defined as®*

I
Sim——T& (1)
Iie + Iy — |Irg
where f(7) represents a normalized predicted spectrum and
g(V) is the normalized experimental spectrum, both showing

similarity in overlap integral e.g.®
Jf(0)g(¥)dv .
VIf0)dv [ g(v)*dv

An alternative definition of similarity factor can be used as
long as it is consistent in all spectral comparisons.®® Similarity
results were supported by a quantitative comparison of the
ratio of VCD over IR absorption spectrum labelled as the
dimensionless dissymmetry factor (DF) and analogously by the
ratio of the ROA and Raman spectrum called circular intensity
difference (CID). The similarity values (1) for the IR and
Raman spectral comparison are in a range from 0 to 1, while
the range of similarity values for VCD, DF, ROA and CID is —1
to 1.

The real chiral sample should be considered as a mixture of
all possible conformers with different abundance. The pre-
dicted spectrum can then be specified as normalized linear
combination of all stable conformers

Iy, =

(2)

N

fO) =D cfiv), (3)

where each linear combination coefficient ¢; represents the
relative abundance of conformer i and N is the number of
conformers.

It has been a common practice to use a Boltzmann weight-
ing factor derived from Gibbs free energy of the individual cal-

This journal is © The Royal Society of Chemistry 2023
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culated conformation at the specific temperature as the linear
combination coefficients to build a more realistic shape of the
simulated spectra. However, as Boltzmann weights strongly
depend on the computational level and molecular structure,
large uncertainties in the conformational energies, varying
more than 2 keal mol™", significantly affect the final predicted
spectrum and subsequent assignment of the absolute con-
figuration as has already been demonstrated in previous
studies.*®*” To overcome the described uncertainties in the
conformational analysis, two approaches based on genetic
algorithms have recently been developed.***° Both methods
use Gibbs energies as the starting point and optimizing
Boltzmann weights against the experimental spectrum using a
customized genetic algorithm to maximize the similarity
factor (1).

In this paper we present an approach where the conformer
population is determined from the global optimization algor-
ithm®” of function (1). For a molecule with N conformations, N
— 1 conformer populations ¢; in relation (3) are independent
variables and the scaling factor for the predicted wavenumbers
are allowed to change towards maximizing similarity assuming
that the population of the remaining conformer is calculated
as cy =1 — ) ¢;. Amphetamine was used as the first test of
the described’ conformational approach because of well loca-
lized global maximum in the relatively restricted confor-
mational space (three main conformations). The evenly distrib-
uted conformer populations were taken as the starting point.
However, as the complexity and number of local similarity
maxima increase with the number of populated conformers (N
> 3), one starting point becomes insufficient to explore confor-
mational space and the presented optimization algorithm
results in a different local similarity maximum. Therefore, a
more general two step global optimization procedure was
defined for six stable conformers of methamphetamine. In the
first step 10 000 sets of N — 1 random]y distributed coefficients
were taken from space where 0 < ) ¢; <1 as the starting
points (Monte-Carlo method) and the wavenumber scaling
factor was left fixed in order to localize a global maximum in
the N — 1 dimensional conformational space by optimizing
function (1). In the second part, the local optimization was
repeated with the optimized sets from the first step as the new
starting points and the wavenumber scaling factor was allowed
to modify to get the best similarity in the region of global
maxima. All data were processed and further analysed in the
MATLAB environment.

3. Results and discussion

The IR, Raman, VCD and ROA spectra of (S)-amphetamine
hydrochloride and (S)-methamphetamine hydrochloride were
compared to simulated spectra in Fig. 2 and 3, respectively.
The spectra of both substances were similar in the overall
pattern and the total number of bands and displayed key fea-
tures that helped to classify these analogues as belonging to
the amphetamine family. Although the IR (Fig. 2a and 3a) and

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 IR (a), Raman (b), VCD (c) and ROA (d) spectra of (S)-amphet-

amine hydrochloride. Experimental spectra (black, bottom) were com-
pared to the Boltzmann average of three conformers (yellow), single
molecule geometry (red), MD cluster-based models including only one
(cyan), two (blue) or three (purple) closest water molecules, the cluster
of the first water shell (magenta) and without explicit water molecules
(green). The similarity factors (SIM) are given for individual spectra.
Conformer populations and wavenumber scaling factors for each simu-
lation are listed in Table 1 and Table S14.1 Spectra of the three confor-
mers (averages of 100 snapshots per conformer, 1st solvation shell) are
shown in Fig. S19.1 The experimental IR and VCD were measured in D,O
with a concentration of 400.0 g L™ and path length of 27.3 um. The
experimental Raman and ROA spectrum were measured in water with a
concentration of ~100 g L™, an excitation wavelength of 532 nm,
~600 mW laser power at the sample, and 9-13 hours of accumulation
time. The IR and VCD intensities are in epsilon units (L mol™ cm™),
experimental Raman and ROA spectra in (€~ cm J* g* L) and Raman
and ROA simulations are in arbitrary units, details can be found in the
ESL+
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Fig. 3 IR (a), Raman (b), VCD (c) and ROA (d) spectra of (S)-meth-
amphetamine hydrochloride. Experimental spectra (black, bottom) were
compared to the Boltzmann average of six conformers (yellow), single
molecule geometry (red), MD cluster-based models including only one
(cyan), two (blue) or three (purple) closest water molecules, the cluster
of the first water shell (magenta) and without explicit water molecules
(green). The similarity factors (SIM) are given for individual spectra.
Conformer populations and wavenumber scaling factors for each simu-
lation are listed in Table 2 and Table S15.1 Spectra of the six conformers
(averages of 100 snapshots per conformer, 1st solvation shell) are
shown in Fig. S20.1 The experimental IR and VCD were measured in D,O
with a concentration of 400.0 g L™ and a path length of 27.3 um. The
experimental Raman and ROA spectrum were measured in water with a
concentration ~100 g L™, an excitation wavelength 532 nm, ~600 mW
laser power at the sample, and ~9 hours of accumulation time. The IR
and VCD intensities are in epsilon units (L mol™ cm™), experimental
Raman and ROA spectra in (e~ cm J=* g=* L) and Raman and ROA simu-
lations are in arbitrary units, details can be found in the ESI.{
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VCD (Fig. 2c and 3c) provide less structured vibrational spectra
than the Raman (Fig. 2b and 3b) and ROA (Fig. 2d and 3d)
techniques, there are characteristic bands that help dis-
tinguish the studied compounds. The appearance of an
absorption shoulder band 1430 cm™ in the experimental IR
spectrum (Fig. 3a) reflects the bending vibration of the meth-
amphetamine -CH; group. The presence of VCD bands 1475
and 1389 cm™" in the methamphetamine spectrum (Fig. 3c)
and their absence in the amphetamine spectrum (Fig. 2¢) can
be used to distinguish between these two compounds as well
as the different VCD intensity patterns in the spectral range
from 1350 to 1500 cm™'. The maximum of amphetamine
bands 1373 and 1356 cm™" (Fig. 2c) is slightly blue-shifted
approximately by 5 cm™". In the experimental Raman spectra
of both analysed compounds (Fig. 2b and 3b), the most signifi-
cant differences were in the relative intensities of less intense
bands, 1374 (C-C linear chain stretching vibration), a couplet
~1300, 1251, 1106, 942, 821 and 500 cm™* (corresponding to
the chain vibrations of the aliphatic groups). The biggest spec-
tral differences between amphetamine and methamphetamine
were observed in the ROA spectra (Fig. 2d and 3d). Therefore,
the ROA is the most useful technique for the purposes of the
identification of illicit substances. Both analysed compounds
significantly differ especially in the spectral range of
900-1500 cm ™. Compared to the (S)-amphetamine, (S)-meth-
amphetamine bands at 1429, 1196, 1033, 1014, 985 and
310 cm™' turned in the sign. A different position was also
observed for ROA (S)-methamphetamine bands at 1367 (blue-
shifted by 31 cm™"), 1345 (blue-shifted by 22 cm™), 1313
(blue-shifted by 22 em™), 807 (blue-shifted by 11 cm™") and
1014 (red-shifted by 13 cm™) cm™ compared to (S)-amphet-
amine bands.

Several different computational approaches were used to
interpret the vibrational spectra of both amphetamine and
methamphetamine hydrochlorides. The SM calculation with
an implicit solvent model (COSMO) is a simple and timesaving
model that is significantly better than calculation in a vacuum
but does not provide information about detailed confor-
mational changes in the vicinity of local energetic minima or
interaction of the studied molecule with the solvent.

The cluster model based on MD overcomes the shortcom-
ings of the previous model to a considerable extent. Since the
water molecules predominantly interact with the NH;" and
NH," group for amphetamine and methamphetamine, respect-
ively (see Fig. S10 and S127), the simplified MD cluster models
including only one, two or three closest water molecules were
analyzed and compared with the first solvation shell model
comprising around 18 water molecules. The cluster model is
more computationally demanding due to additional solvent
molecules and the need for more snapshots with different
solvent positions around the molecule in order to achieve
sufficient convergence of the results. Therefore, a concession
in the form of a smaller basis set selection is usually chosen.

As a potential compromise between the chosen simulation
approaches, the third simpler model based on MD snapshots
with excluded water molecules was chosen. In addition to sim-
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plifying the calculations, this model also aims to simulate to
some extent the conformational flexibility without the explicit
influence of the solvent and to determine how much influence
the explicit inclusion of the solvent has. This simplified MD
approach allowed to optimize and calculate vibrational fre-
quencies and spectral intensities on the same DFT level as the
SM calculation, but the optimization of the molecular geome-
try is constrained to selected fixed torsion angles taken from
the MD snapshots (for the definition of the characteristic
angles, see Fig. 1). Based on the torsion angle distributions
(Table S51) the spectra of 100 snapshots per conformer were
calculated and averaged for both MD models, with and
without explicit waters. The magnitude of the imaginary fre-
quencies of all partially optimized the structure with fixed
torsion angles was mostly below 100 cm™" and thus affected
the calculated spectrum very little.

The conformer population and wavenumber scaling factor
were then determined using the described optimization algor-
ithm to achieve the best similarity overlap of the averaged con-
former spectra with the experiment.

The optimization approach was firstly tested for three SM
amphetamine conformers calculated at several levels of DFT
theory. The similarity overlap was determined separately for
each conformer (Table S6t) as well as for weighted conformer
average (Tables S7 and S8%). The similarity achieved for each
conformer separately is in general lower compared to the con-
formational mixture. Comparison of individual conformations
may result in negative similarity as in the case of amphet-
amine conformer II (Table S6,7 ROA) or III (Table S6,f VCD).
This may lead to a hasty judgment that such conformers are
not present in the sample or even to incorrect assignment to
the opposite enantiomer. However, the spectral comparison
with the weighted conformer average suggests that the contri-
bution of conformer II and III is significant to the resulting
spectra and increases the overall similarity with the experi-
ment. Although the spectral overlap for different DFT levels is
similar, the relative conformer populations differ (c¢f Fig. S14
and S157). For further comparison with other computational
models only the calculation at the B3PW91/6-311++G** level
was selected as the most suitable approach (Tables S6-S87).

One has to be cautious as the degree of similarity (1) is
dependent on the spectral range selection, the number of com-
pared vibrational bands, the band integral intensity and the
number of conformations taken into account. The spectral
range dependence of ROA similarity overlap was tested for SM
geometries of both analysed compounds calculated at the
B3PW91/6-311++G** level of theory. Obviously, limiting spec-
tral range and including fewer spectral features in the compari-
son (Fig. S1671) increase the overlap, but the determination of
conformer populations is more prone to errors (Table S9%).
Therefore, it is desirable to compare experimental and calcu-
lated spectra in the widest possible spectral range. The
selected spectral ranges were 1250-1700 cm™ ' for VCD and
300-1750 cm™" for ROA for studied samples. The VCD spectral
region was limited by the D,O absorption bands. Although we
were able to measure Raman and ROA spectra in the much

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper
wider spectral range of 50-4500 cm™ ', the low-frequency
region of 50-300 cm™ is strongly affected by intermolecular
interactions®® that can bias the conformer population determi-
nation. On the other hand, CH stretching vibrations have a
relatively low ROA signal, they are highly anharmonic and a
different wavenumber scaling factor will be needed. Including
these regions in the comparison would likely lead to larger
inaccuracies.

We were also interested in the reproducibility of the demon-
strated conformational results. For evaluation, the experi-
mental ROA data of amphetamine were exported in 5 blocks of
~2.6 hours of accumulation time and compared to the
weighted average from the cluster-based MD model
(Table S107). In the second test, the calculated ROA spectra
were averaged in five blocks of 20 snapshots each (Table S117)
and cumulatively (Table S12}) and compared to the experi-
ment. From standard deviations at the bottom line of the
tables, the relative conformer populations vary up to 0.06, with
maximum deviation for less populated amphetamine confor-
mer II. The similarity values for ROA spectra (SimROA)
deviate less than 0.03. These results confirmed the reliability
of the presented approach.

The results of the conformational analysis for amphet-
amine hydrochloride are summarized in Table 1 and the IR,
Raman, VCD and ROA spectra are depicted in Fig. 2 for all
computational models and the experiment. The IR and VCD
spectra were compared in the spectral range from 1700 to
1250 em™', while the Raman, ROA and CID spectra made it
possible to compare spectra in a wider spectral range of
300-1750 cm™". Due to uncertain and large values (“singular-
ities”) caused by dividing the VCD signal by IR numbers close
to zero, dimensionless DF spectra were compared only within
a narrow wavenumber interval of 1300-1550 cm™!, therefore
the determined conformer populations cannot be trusted
despite the overlaps begin close to 1 (see Table 1) and utiliz-
ation of VCD is certainly preferable.

Using the Boltzmann weights derived from Gibbs energies
at the B3PW91/6-311++G** level to weigh the spectra gives the
worst overlap with the experiment (e.g. SimROA = 0.28). This
overlap is also less than the threshold of 0.4 suggested pre-
viously for a satisfactory agreement.>®*° It is therefore rec-
ommended not to use the Gibbs energies-derived populations
to weigh the conformational spectra. Similarly, conformational
populations generated from the MD do not provide satisfactory
agreement with the observed spectra (see Table 1, “ROA-MD”
and Fig. S187).

From Table 1, it can be observed that the similarity overlaps
with the IR spectrum (SimIR) and Raman spectrum
(SimRaman) obtained with optimized populations for all
different computational approaches are without exception
larger than those for the corresponding chiroptical spectra
(except for the similarity values for the DF comparison
(SimDF)). However, conformer populations are wrongly deter-
mined as the optimization algorithm tends to favor one con-
former if the conformers’ spectra are nearly identical. As was
expected, the model derived from the MD geometries with

Analyst, 2023,148, 1337-1348 | 1343


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2an02014a

Open Access Article. Published on 16 February 2023. Downloaded on 7/31/2025 12:12:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Optimized conformer populations for (S)-amphetamine hydro-
chloride obtained from the comparison of experimental spectra and
different calculation models. Populations derived from Gibbs energies,
NMR study and MD are shown for reference

Spectral Scalin:

Type range factor cq Cy c3 SIM
SM geometry

IR 1250-1700 0.98 0.70 0.09 0.20 0.75
VCD 1250-1700 0.98 0.36  0.60 0.04 0.50
DF 1300-1550 0.98 0.24 0.55 0.22 0.77
Raman 300-1750 0.99 0.35 0.41 0.24 0.68
ROA 300-1750 0.98 0.60 0.13 0.26 0.34
CID 300-1750 0.98 0.59 0.25 0.16 0.34
ROA-BWs®  300-1750 0.99 0.78 0.16 0.07 0.28
ROA-NMR®  300-1750 0.99 0.45 0.50 0.05 0.20
ROA-MD* 300-1750 0.99 0.50 0.10 0.39 0.27

Geometries from MD, water molecules excluded, B3PW91/6-311++G**/
COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 096 0.00 0.04 0.79
VCD 1250-1700 0.98 0.52 032 0.15 0.54
DF 1300-1550 0.97 0.23 0.22 0.55 0.76
Raman 300-1750 0.99 0.25 0.61 0.14 0.67
ROA 300-1750 0.98 0.58 0.25 0.17 0.33
CID 300-1500 0.99 0.42 0.33 0.25 0.42
Geometries from MD with explicit 1* solvation shell°, B3PW91/6-
31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.80 0.00 0.20 0.82
VCD 1250-1700 0.97 0.40 0.47 0.13 0.82
DF 1300-1550 0.97 0.28 0.54 0.19 0.88
Raman 300-1750 0.98 0.70 0.09 0.21 0.66
ROA 300-1750 0.97 0.43 0.41 0.16 0.64
CID 300-1750 0.97 0.42 0.46 0.12 0.52

“Boltzmann weights were calculated at the B3PW91/6-311++G** level.
Similarity and wavenumber scaling factor were determined only for
ROA spectra. ® Populations taken from the ref. 11. Similarity and wave-
number scaling factor were determined only for ROA spectra.
¢ Populations taken from the MD distribution in Table S5.1 Similarity
and wavenumber scaling factor were determined only for ROA spectra.
?See Fig. 171 and comments herein. ¢ Similar results for clusters with
1-3 water molecules are shown in Table S14.7

explicit water molecules leads to a much better overlap with
the experiment (SimVCD = 0.82, SImROA = 0.64) than the SM
calculation (SimVCD = 0.50, SimROA = 0.34). Additionally, this
agreement can be further confirmed from the observation of
the spectra in Fig. 2. The band pattern is relatively well repro-
duced in most of the cases, but the biggest differences are
obvious in the comparison of the VCD and ROA spectra, where
SM calculations overestimate relative intensities except for the
ROA couplet 1465/1455 cm™" and the chain C-C stretching
band at 1367 cm ™. This is probably due to the flexibility of the
alkyl chain and the cluster averaging. Despite that, some spec-
tral features of the MD model without water molecules are
improved towards the MD cluster-based spectra, the overlap
(SimVCD = 0.54, SimROA = 0.33) is similar to the SM calcu-
lation. From the ROA comparison of the MD model with and
without explicit waters (Fig. 2d), it is apparent that the regions
800-1120 cm™' and below 380 cm™" are strongly affected by
solvent-solute interactions. Particularly, bands 1101, 1001,
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937, 893 and 838 cm™" with the “+—++” sign pattern were cor-
rectly determined only by the MD clusters.

The amphetamine relative conformational populations
derived from similarity overlaps for different spectroscopic
techniques are compared by the 2D conformational map in
Fig. 4 according to similarity values in Table 1. The confor-
mational ratios from SM calculation and MD geometries
without water molecules are scattered over the entire confor-
mational space. As mentioned earlier, the DF spectra are more
prone to errors as the limited spectral interval of IR and VCD
is used and high similarity factors are obtained for various
simulation methods when conformer populations differ sig-
nificantly. This is not the case for ROA and CID spectra, where
low-level computations give significantly smaller similarity
factors and recording of the data in a wider spectral range is
clearly beneficial. The chiroptical spectra with the best simi-
larity overlap (SimVCD = 0.82, SIimROA = 0.64, SIimCID = 0.52
from MD with explicit waters, Table 1) are consistent with the
conformational ratio 0.45/0.50/0.05 determined by NMR"" and
confirms the high sensitivity of the vibrational optical activity
to the determination of the spatial arrangement and dominant
conformation of the studied sample.

The conformational analysis of methamphetamine hydro-
chloride is more complex as the number of stable conformers
increases due to a longer alkyl chain (Fig. 1). Similarity over-
laps with corresponding conformer populations are listed in
Table 2 and spectra depicted in Fig. 3. IR, VCD, Raman, ROA
and CID spectra are compared in the same spectral ranges as
for amphetamine hydrochloride. The DF spectra were com-
pared within the range of 1300-1700 cm™". Similarity overlaps
for different spectroscopic methods confirm the findings dis-
cussed for amphetamine hydrochloride in the previous
section. Overall, a significantly poorer agreement with the
experiment was achieved for conformer populations derived
from Gibbs energies leading to SImROA = 0.16 (Table 2). This
value of similarity factor is too low for reliable agreement with
the experiment. In the NMR study'' only three methamphet-
amine conformers were resolved without an included orien-

BWs

NMR

MD population

SM VCD

SM DF

SM ROA

SM CID

MD VCD

MD DF

MD ROA

MD CID

MD(no water) VCD
MD(no water) DF
MD(no water) ROA
MD(no water) CID

Ao+ XA+ X ¥+ X >

Fig. 4 Summary 2D plot of amphetamine relative conformer popu-
lations derived from similarity overlaps in Table 1. Labels C,;, C, and C3
(C; + C, + C3 = 1) correspond to the amphetamine conformer |, Il and
Ill, respectively.
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Table 2 Optimized conformer populations for (S)-methamphetamine hydrochloride obtained from the comparison of experimental spectra and
different calculation models. Populations derived from Gibbs energies, NMR study and MD are shown for reference

Type Spectral range Scaling factor [ Cy 3 Cy Cs Ce SIM
SM geometry

IR 1250-1700 0.98 0.00 0.08 0.04 0.52 0.37 0.00 0.84
VCD 1250-1700 0.98 0.00 0.33 0.00 0.39 0.04 0.23 0.34
DF 1300-1700 0.98 0.83 0.00 0.00 0.08 0.00 0.08 0.43
Raman 300-1750 0.99 0.17 0.44 0.20 0.00 0.00 0.18 0.71
ROA 300-1750 0.98 0.21 0.16 0.07 0.11 0.36 0.08 0.41
CID 300-1750 0.99 0.32 0.40 0.08 0.06 0.10 0.05 0.40
ROA-BWs* 300-1750 0.99 0.77 0.12 0.03 0.02 0.03 0.03 0.16
ROA-NMR? 300-1750 0.99 0.39 0.55 0.06 — — — 0.38
ROA-MD* 300-1750 0.99 0.22 0.37 0.32 0.03 0.03 0.03 0.25
Geometries from MD, water molecules excluded, B3PW91/6-311++G**/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 0.07 0.36 0.00 0.58 0.00 0.00 0.82
VCD 1250-1700 0.98 0.00 0.00 0.00 0.50 0.14 0.36 0.37
DF 1300-1700 0.98 0.00 0.39 0.00 0.61 0.00 0.00 0.46
Raman 300-1750 0.99 0.00 0.76 0.18 0.00 0.00 0.07 0.72
ROA 300-1750 0.99 0.43 0.00 0.00 0.00 0.49 0.08 0.45
CID 300-1750 0.99 0.40 0.26 0.00 0.00 0.21 0.13 0.43
Geometries from MD with explicit 1** solvation shell?, B3PW91/6-31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.06 0.38 0.00 0.00 0.00 0.56 0.95
VCD 1250-1700 0.97 0.10 0.08 0.14 0.34 0.33 0.00 0.68
DF 1300-1700 0.97 0.00 0.00 0.15 0.51 0.34 0.00 0.50
Raman 300-1750 0.98 0.11 0.49 0.00 0.00 0.00 0.40 0.66
ROA 300-1750 0.98 0.37 0.29 0.05 0.00 0.26 0.03 0.63
CID 300-1750 0.98 0.40 0.27 0.00 0.00 0.27 0.07 0.52

“Boltzmann weights were calculated at the B3PW91/6-311++G** level. Similarity and wavenumber scaling factor were determined only for ROA
spectra. ” Populations taken from the ref. 11. Similarity and wavenumber scaling factor were determined only for (I + IV, II + V, III + VI) ROA
spectra.  Populations taken from the MD distribution in Table S5.1 Similarity and wavenumber scaling factor were determined only for ROA
spectra.  Similar results for clusters with 1-3 water molecules are in Table S15.F

tation of the methamphetamine -CH; group that is described
by characteristic angle a; and its distribution is shown in
Fig. S8.t

Explicit inclusion of water molecules into the calculation
clearly improves the overlap for all vibrational spectra in
general. If we reduce conformer discrimination from six to
three conformers (I + IV, II + V, III + VI), ignoring the methyl
group orientation, the VCD conformer ratio 0.44/0.41/0.14, the
ROA ratio 0.37/0.55/0.08 and the CID ratio 0.40/0.54/0.07 are in
good agreement with the conformer population 0.39/0.55/0.06
from the NMR study. The DF conformer ratio 0.51/0.34/0.15 is
less precise due to lower similarity overlap. DF also depends
on the VCD to IR ratio, which can be a source of errors by
dividing numbers close to zero. A better approach to reliable
calculations of the dimensionless dissymmetry factor and CID
is needed.

In order to investigate the importance of less populated
conformers III, IV and VI, these conformers were systematically
excluded from the similarity overlap (¢f Table S137%).
Interestingly, the similarity factor remains unchanged until
conformer III was removed while conformer populations vary
by a value of 0.03. These results give us an idea about the simi-
larity robustness and confirm the presence of the most signifi-
cant methamphetamine conformers I, II, III and V in the
aqueous solution.

This journal is © The Royal Society of Chemistry 2023

Fig. 3 compares the experimental IR, VCD, Raman and ROA
spectra with three different computational methods. The simu-
lated spectra were generated as weighted averages according to
the optimized conformer populations from Table 2. The
interpretation of the experimental spectra by SM calculations
is not sufficient, clearly some bands are missing or predicted
to have a very different intensity or sign, such as the ROA band
602 cm™". As expected, the MD model without water molecules
improves the interpretation only partially, the spectral pattern
of the most prominent bands, but the spectral intensities are
overestimated, for example the VCD band 1450 cm™" or ROA
band 1455 cm™", and caused the similarity values to be almost
as low as for the SM calculation. The spectral region close to
the negative ROA band 1196 cm™" was already improved by
spectral averaging over MD geometries without the necessary
use of the explicit waters. In contrast, within 1355-1500 cm™,
the solvent-solute interactions are important. The obser-
vations confirm that only by explicitly taking into account MD
with water molecules showed very good agreement between
experiment and theory.

It should be emphasized that the calculation of a large
number (here several hundred) of individual clusters from MD
snapshots, followed by averaging of the spectra, is a necessary
step in the simulation of the spectra - since the individual
clusters (snapshots) have highly variable spectral features

Analyst, 2023,148, 1337-1348 | 1345
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strongly dependent on the individual position and orientation
of the solvent molecules (please see Fig. S11 and S13} where
spectra of several individual conformers with various water
positions were generated). Therefore, the manual construction
of clusters containing few solvent molecules cannot lead to sat-
isfactory results.

The results show that the greatest improvement in agree-
ment with the experiment is already achieved for the average
spectra from the clusters with a single water molecule. While
VCD spectra of clusters with an increasing number of water
molecules are almost identical, the ROA spectra improve in
several details, but still systematically, which can be demon-
strated by the monotonously increasing similarity factor with
the increasing number of water molecules in the clusters for
both studied molecules.

It is legitimate to ask again whether the increasing simi-
larity factor corresponds to a real improved agreement of the
calculated spectra with the experiment, especially when we
compare such a wide spectral range as in the case of ROA
spectra. We believe that this is the case, based on the tests of
similarity factor described earlier, and also because noticeable
improvements in the spectra can be observed for the bands
around 800-940, 1200, and 1600 cm™" for amphetamine and
for the bands around 610, 750, 1160-1200, and
1420-1500 cm™" for methamphetamine. Larger clusters with
explicit water molecules are also needed for the low-wavenum-
ber spectral region below 400 cm™" where the intermolecular
interactions play a very important role.*?

The Raman and IR spectra reflect the conformations of
chiral molecules only partially as they are not sensitive to chir-
ality, therefore, the determination of the population of states
from the similarity index in Tables 1 and 2 is confirmed to be
burdened with a large error. More interesting and important is
the comparison of VCD and ROA methods. The achieved
results showed that both VCD and ROA give a significantly
smaller similarity index for simpler models, and with a more
advanced model of the molecular system including more rea-
listic solvents and conformational effects, the similarity index
increases substantially, and the determination of the popu-
lation of states thus better converges to reliable values (that are
also close to values determined by NMR''). Simulations of
clusters with different numbers of water molecules (cf. Fig. 2
and 3) show that ROA is even able to distinguish the influence
of different numbers of solvent molecules. We believe that this
advantage of ROA originates from the larger usable spectral
range and especially access to the low wavenumber spectral
range.

4. Conclusions

In this paper, we present the first comprehensive structural
study of amphetamine and methamphetamine hydrochlorides
in aqueous solutions performed by the methods of VCD, ROA,
IR and Raman spectroscopy at the same time. The perform-
ance of three different computational models based on DFT
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and molecular dynamics was quantified by the similarity
overlap of the simulated and experimental spectra. We demon-
strated a different approach to the analysis of conformer popu-
lations of studied molecules based on maximizing the simi-
larity overlap of weighted conformer spectra with the experi-
ment by optimizing the general similarity function. A very
good agreement in the comparison of the MD cluster-based
model with explicit solvent molecules and the experiment was
obtained for all spectroscopic techniques used. The study also
confirmed that Boltzmann weights based on Gibbs free ener-
gies of the single molecule calculation are not reliable due to
large uncertainties in the DFT calculations. Three and six
stable conformers of amphetamine and methamphetamine,
respectively, were identified. The conformational analysis of
this study underlines the relative conformer abundances of
amphetamine and methamphetamine hydrochloride in
aqueous solutions from the previous NMR study.

We conclude that the combined power of chiroptical
vibrational spectroscopy and cluster-based calculations proved
to be a valuable non-destructive technique allowing precise
structural analysis of abused drugs in their native environ-
ment. We have shown that chiroptical techniques are not only
able to differentiate amphetamine from its analogue meth-
amphetamine very well, but also provide detailed information
regarding the conformation of these molecules and their inter-
action with the solvent. We believe that the presented
approach will be helpful for the study of seized amphetamine
and methamphetamine samples and new derivatives.
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