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Abstract

In this study, the terahertz time-domain spectroscopy (THz-TDS) of crystalline methedrine, which
is one of the illegal drugs, is performed using molecular dynamics simulation by the Fourier
transform of time derivative auto-correlation functions of the dipole moment. In order to accu-
rately detect the drugs from samples, it is necessary to build a complete database for terahertz
spectra under different external conditions from theoretical calculation, which are hardly ob-
tained from the experiments directly. Our results show remarkable consistency with the available
experimental data in the frequency range of 10 - 100 cm-! indicating that the presented method
has significant capability to simulate terahertz spectra at various conditions. We investigated the
effects of temperature and pressure on THz-TDS by simulating the system at temperature range
between 78.4 K and 400 K at pressures up to 100 atm. Results show the spectral features of
THz-TDS both in intensity and profile are highly sensitive to the variation of temperature and with
a lower magnitude to the variation of pressure. The vanishing, rebuilding and shifting of spectral
peaks are due to the complex mechanisms such as the anharmonicity, shifting in the vibration
energy levels, formation and destruction of hydrogen-binding and the deformation of the potential
energy surface during the environment changing. This improved our understanding for compli-
cated THz-TDS of crystalline methedrine and would be useful for assignment of the practical
measurements.
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1. Introduction

(+)-Methamphetamine hydrochloride (known as methedrine in the trade) with the chemical formula of C;4H;NCI,
is a well-known synthetic stimulant selling as a kind of illegal drugs around the world. Dextrorotatory (+) enan-
tiomer and levorotatory (=) enantiomer are two enantiomers of this compound; the former is roughly five times
stronger than the latter in the pharmacological effects [1]. Therefore, the illegal production and the trade of
(+)-methamphetamine hydrochloride has become a serious problem for criminal justice system in many coun-
tries [2] [3], resulting in the need for accurately detecting and identifying methedrine inside the boxes and
packages.

Although several detection methods for the illicit materials, such as using sniffer dogs or the X-ray scanners,
have previously been examined, they suffer from serious restrictions; for example, canine and other trace detec-
tion methods are not so sensitive for the material inside the packages and X-ray scanners can only recognize the
shape but not the type of drugs [4]. In recent years, terahertz time-domain spectroscopy (THz-TDS), an ex-
tremely attractive technique for the optoelectronics community, has been proved to be an effective means to
study organic molecules and to identify some target compounds such as explosives and illicit drugs [5]. This is
due to the several specific properties of the electromagnetic radiation in terahertz region. The first outstanding
property is its excellent penetrability for most of the non-polar dielectric materials, such as plastic, paper, wood,
cardboard and so on, which are transparent to terahertz radiation, so it can pass through the packaging cover and
walls reaching the nontransparent materials inside. The second specific property, which is meaningful when it is
compared with X-ray, is non-destructivity. X-ray is composed of the high energy photons, while THz radiation
(T-ray) has relatively low energy photons making it safer for personnel scanning and a nondestructive evaluation
tool for drug detection and inspecting other valuable samples such as antique relics [5]. THz spectroscopy has
been emerging as an investigational technique to examine interesting aspects about the structure and dynamics
for specific organization of intra- and intermolecular hydrogen bonds, collective motions, global nuclear mo-
tions significant in bio-molecular processes, conformations and so on [6] [7]. Additionally, interactions between
THz radiation and large molecules may stimulate many resonances resulting in the THz photons being affected
by characteristic amounts determined by specific interactions. As a result, abundant and valuable information of
the interactions between molecules and vibration modes are contained in the absorption spectrum. Moreover,
many materials exhibit characteristic spectral features which are considered “fingerprint” spectra in the THz
frequency range (0.3 - 3 THz, 10 - 100 cm ™), enabling THz spectrum to be used as a particular tool to uniquely
identify chemical species [8].

When detecting the drug from samples, a complete database for the terahertz spectra of the target drug under
different external conditions is necessary, while the results could not be obtained from experiments directly,
since the terahertz sources are currently very expensive, and there are also some restrictions in preparing the
samples of illicit drugs. That makes drug detection and identification become a challenging project recently.
Hence only few reports focusing on illicit drugs, to our knowledge, have been published on experiments in this
research field. This also highlights the significance of simulation methods to compensate for the lack of spectral
data in the THz spectral range for the illicit drugs. Recently, Shen and co-workers experimentally studied some
illicit drugs including Methamphetamine using THz-TDS and compared the results to those obtained by density
functional theory (DFT) method for only a single molecule [9]-[12]. However, the weaker intermolecular bonds
(such as hydrogen bond) also have strong terahertz absorptions and play an essential role in THz-TDS [13]. In
this regard, Hakey et al. calculated the terahertz spectra for crystalline methedrine using solid-state density func-
tional theory at zero temperature 1. Nevertheless, the terahertz time-domain spectroscopy, again due to the men-
tioned intermolecular bonds, is sensitive to the applied temperatures and pressures [14] [15]. Therefore, the si-
mulation of THz-TDS needs an approach in which the temperature and pressure could be handled properly.
Molecular dynamics (MD) simulation fits to these requirements.

Molecular dynamics simulation is a technique in which the classical equations of motion for all atoms are in-
tegrated simultaneously over a finite period of time. The resulting trajectory is then used to compute time-de-
pendent properties of the system. In this work, the spectral features of solid methedrine crystal are investigated
by analyzing the MD trajectories calculated under NPT ensemble at different temperatures and pressures. The
results compared with the experimental are in good agreement showing that the simulation can be helpful to
prepare the useful information in detection and identification of illegal drugs.

This paper is organized as follows: the next section presents the simulation details and provides the theoretical
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method for calculating the THz spectra. In Section 3, we compare our simulation under NPT ensemble with ex-
perimental results, and then we present the THz spectra as the functions of temperatures and pressures. Finally,
we give the conclusion of our work in Section 4 indicating the potential of MD simulation approach in predic-
tion of THz spectrum.

2. Simulation Details

The unit cell parameters of crystalline methedrine were rendered from POV-Ray [16]. The structure of (+)-Me-
thamphetamine hydrochloride molecule, the unit cell that contains two molecules and the different surfaces of
the supercell are shown in Figures 1(a)-(e). The hydrogen bonds are represented by dash lines. The unit cell has
a space group of P2, with the lengths of a = 0.71022 nm, b = 0.72949 nm, ¢ = 1.08121 nm, and angles of a =y =
90° and g = 97.273°. The supercell has monoclinic structure building by 5 x 5 x 5 unit cells including 7000
atoms in total.

To calculate the instantaneous dipole moments from the MD trajectories, the values of charges on each atom
should be known. We used the Gaussian 03 package [17] to optimize the structure of (+)-Methamphetamine hy-
drochloride molecule and to determine the charge distribution on atoms of a system including four methedrine
molecules using the density function theory (DFT) with 6 - 31 g (d, p) basic set at B3LYP level [18]. We used
only four molecules because of the restriction in the number of atoms in the G03 software and finally we
adopted the charge values from the most symmetric molecule among the 4 unique molecules of the cell. The
charge values are reported in Table 1.

The MD simulation was performed with DL_POLY parallel simulation program package [19]. The force field
of potential energy contributions was generated from parameter sets of Dreiding potential [20]. It has been
proved that the simulation results of THz spectrum are only weakly affected by the substitute of the bonds con-
straints from harmonic oscillators to anharmonic oscillators [21]. For this reason, in this research, the covalent
bond-stretching terms were just treated as harmonic oscillators in the force field.

In order to examine the effects of hydrogen bond interaction, we added two sets of hydrogen bond interaction
parameters into force field parameters for non-bonded interactions. The interaction between donor and acceptor
atom is represented by the form of 12 - 10 potential function,

Une (1) =~ @

ij rij

In our work, the constant A and B for H...N hydrogen bonds were obtained from [22]. While for H...Cl, the

two parameters of hydrogen bond potential were not determined directly. Hence, we derived the values from the

potential function which was shown to empirically describe linear hydrogen bonds properties [23]. The obtained
potential parameters A and B for hydrogen bonds H...N and H...Cl are listed in Table 2.

In molecular dynamics simulation, we introduced periodic boundary conditions in all three directions. The

velocity-Verlet algorithm was applied for integrating the equations of motion. The cut-off radii for electrostatic

interactions and van der Waals interactions were set to 1 nm. Equilibrations with 20 ps were followed by pro-
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Figure 1. One single molecule of (+)-Methamphetamine hydrochloride (a); the unit
cell of crystalline methedrine (b); the projection for ab plane (c); bc plane (d) and

ac plane (e).
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Table 1. The electronic charge values of each atom in one methedrine molecule.

Atom Charge(e) Atom Charge(e)
C1 —0.422 H1E 0.422
c2 -0.584 H2A 0.230
C3 -0.331 H2B 0.230
C4 -0.342 H2C 0.230
C5 0.066 H3A 0.196
C6 -0.311 H4A 0.246
c7 0.048 H4B 0.246
c8 -0.084 H6 0.119
C9 0.048 H7 0.144
C10 —-0.311 H8 0.098
H1A 0.241 H9 0.144
H1B 0.241 H10 0.119
HiC 0.241 N1 -0.774
H1D 0.422 Cci1 —0.609

Table 2. Parameters for the 12 - 10 potential between hydrogen H and acceptor atoms.

Donor and A B
Acceptor Atoms Kcal A*/mol Kcal A*/mol
H...N 32897.00 8244.00
H...Cl 301348.14 72120.41

duction runs of 100 ps using a time step of 0.1 fs. The SHAKE [24] algorithm was used during the whole simu-
lation to constrain all the bond distances.

After obtaining the trajectory from MD simulation, the terahertz spectrum can be computed via the Fourier
transform of the time auto-correlation function of the total dipole moment M of the system [25],

(@) [(M(t)- M (0))cos(at)dt @

where I(w) is the absorption line intensity, M (t) is the dipole moment operator and the bracket denotes the
ensemble average.

Decaying to zero is an obligatory condition for integrability of Equation (2). This condition easily establishes
for the gases and liquids, due to randomly motions of molecules in fluid, however, in solids, with only atomic
vibration, dipole moment values decays slowly, which is beyond the time scales capable by MD. For solids, it is
proved that the calculation of I1(w) from the time derivative of auto-correlation function prepare a better way to
obtain the terahertz spectrum [26].

I(a))ocj<jzn_;ejvj (t)-zn:ejvj (0)>cos(a>t)dt )

o0
0 j=1

The auto-correlation function of the dipole moment is given by [26]-[28],
()0~ 0 S, 0) ®
1= 1=

where ¢; is the charge of the jth atom, and rj(t) is the position vector of the jth atom at time t.
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And the derivative is given as,

<de—t(t) dlv(;t(O)>=< 'rilej dvét(t) .Zn:ei dV;EO)> - <Zn_;eivj (t): JZn_;e,—V,- (0)> ®)

j j=1

Figure 2 shows, the time derivative auto-correlation function of the methedrine solid system decaying rapidly
to zero. Due to the fluctuation around the value of zero for much a long time, a Gaussian type term exp(-at®) was
introduced to suppress the fluctuations of the dipole moment auto-correlation functions.

Therefore, the spectral density in this work was calculated as [26],

(@) o I<éejvj (t).gejvj (O)>exp(—at2 )cos(a)t)dt ©)

The parameter « in Equation (6) determines the resolution for the frequencies of the vibrational spectrum. If
one chose the parameter to be too large, the overlap between the close peaks occurs. Conversely, some unreal
peaks would be calculated from the fluctuations. In Figure 3, the comparison between the calculated spectra us-
ing the different o values of 0.01, 0.04, and 1.00 is shown. In this work, we used o = 0.04 that provides reasona-
ble comparison between the experimental and calculated results.

The absorption of light by crystals depends on the angle between the irradiated beam and the target surface.
Hence as it can be seen in Figure 4, the absorption in X, y and z directions are different. Averaging on all direc-
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Figure 2. The calculated time derivative auto-correlation
function.
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Figure 3. Comparison between the calculated spectra using
different o values 0.01, 0.04, and 1.00.
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Figure 4. Calculated results of x, y and z directions, and the
averaged spectrum.

tions reasonably reproduced the conditions in available experiments, the spectral experimental detection [12] in
which the samples are composed from fine particles.

3. Results and Discussions

Firstly, the spectra of methedrine at temperature of 78.4 K and 294 K at constant pressure of 1 atm (atmosphere)
were simulated using Berendson NPT ensemble [29] with the relaxation time of 0.5 ps for both thermostat and
barostat. By performing molecular dynamics simulations in NPT ensemble, the volume and the density of sys-
tem are allowed to change and the pressure and temperature are kept constant. Hence, this ensemble provides the
ability to control the temperature and pressure as it is usually desired to do experiments. The calculated peaks in
terahertz spectra and the experimental results from [1] are reported in Table 3. In addition, Figure 5 presents a
graphically comparison between the experimental and calculated spectra. The comparison shows that the calcu-
lated values are in good agreement with the experimental results within 4 cm™ for the calculation at 78.4 K.
The detection of peaks in terahertz spectroscopy depends on the resolution and the quality of the experimental
instruments and the methods. While in the experiment by Li et al. [12] a total of four spectral absorptions were
noted, a fifth one was reported by Kanamori et al. [30] and two additional features were identified by Hakey et
al. [1]. Here, simulations predict even more four features at temperature of 78.4 K, three peaks at frequencies
lower than 44 cm™* and another one at 66.933 cm ™. At this temperature, simulations also present that the expe-
rimental peak at 73.290 cm* could be regarded as an overlap of two sharper peaks at 71.262 cm * and 76.590
cm ™. Similarly, the peak of 85.153 cm ™ in experiment could also be the superposition of two peaks of 80.253
cm * and 87.246 cm* in simulation. Hence, accounting for the simulation results, the total number of spectral
absorptions for methedrine reaches to 13 at temperature of 78.4 K. This situation is even more pronounced for
the simulations under the higher temperature of 294 K at which the total number of spectral absorptions pre-
dicted by simulations reaches to 14. At this temperature, calculated spectral absorptions are even with a better
agreement with the experimental results (3 cm™?) in comparison to the lower temperature of 78.4 K. Even at
low frequency (within 40 cm™), we have calculated five peaks which are hardly detected by experiment. Similar
to the peaks at 73.290 cm™* and 85.153 cm ™ for the simulation at 78.4 K, the absorption at 60.875 cm * detected
by the experiments can be interpreted as a superposition of the peaks at 57.942 cm™ and 62.271 cm * obtained
from simulations.

To investigate the effect of temperature on the THz absorption of methedrine, we also simulated the changes
of spectra with temperatures at constant pressure. The calculated THz spectra of crystalline methedrine in the
range of 10 - 100 cm * are presented in Figure 6, at the constant pressure of 1 atm and at different temperatures
of 78.4 K, 100 K, 294 K and 400 K. As a general trend, Figure 6 shows that the intensities of the frequencies
lower than 45 cm* are less than the intensities of the higher frequencies. The intensities of frequencies at this
region mostly increase with temperature. This effect can be easily seen from the temperature profile at frequency
of 10 cm™ in Figure 6 at which the intensity at 400 K is twice in magnitude of the intensity at 78.4 K. However,
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Figure 5. Comparison between the experiment and simulation spectra under NPT ensemble of methedrine with the tempera-
ture of 78.4 K (a) and 294 K (b).
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Figure 6. Simulated THz spectra of methedrine at constant
pressure of 1 atm and different temperatures of 78.4 K, 100 K,
294 K and 400 K.

the peaks at frequencies higher than 45 cm™ do not exhibit a monotonic behavior by the increasing of tempera-
ture. For example, the absorption intensity of 78.255 cm™* at temperature of 100 K is stronger than that of the
same frequency at other temperatures. Similarly, comparing with other temperatures, the vibrations with fre-
quencies of 62.604 cm™* and 87.246 cm™* at low temperature of 78.4 K occur with high intensities. We also col-
lected the values of spectral peaks in Table 4, presenting 13 peaks at 78.4 K, 11 peaks at 100 K, 14 peaks at 294
K and 11 peaks at 400 K. The table shows that increasing the temperature can effect on the peaks not only by
shifting frequencies slightly to lower or higher frequencies, but also it can completely change the mode of vibra-
tion. It can be explained by considering the nature of the features at terahertz region in which originates from the
weak bonds between the molecules. Increasing the temperature can considerably change the configuration of
molecules within the crystal (or equivalently the shape of potential energy surface), leading to the interferer of
farther atoms belonging to other molecules and creating new vibrational modes. We take the peak of 19.980
cm * at 78.4 K as an example (19.980 cm™* at 78.4 K, 17.316 cm * at 100 K and 16.650 cm™* at 400 K); it is
thought that the peak should move to lower frequency with the increasing temperature. The peak at 19.980 cm 2,
however, appears again at T = 294 K. This situation also happens to the peak 57.942 cm™* existing at both 100 K
and 294 K and the peak 66.933 cm™* existing at both 78.4 K and 294 K. This may be due to the breaking and
rebuilding of weak interactions such as hydrogen bond. At some temperatures, the atoms in the new configura-
tion may not be close enough to make interactions or binding, so some corresponding vibrational frequencies
may be vanished. However, some peaks can be seen at all the temperatures indicating that they are belonging to
the stronger covalent bonds, for example, the peaks around 43 cm ™, 53 cm %, 82 cm* and 88 cm *. Moreover,
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Table 3. The spectral peaks of experiment and simulation spectra of methedrine with the temperature of 78.4K and 294K.
(Experiment data are from [1]).

44,701
47.852
58.259

62.302

73.290

85.153

94.073

784K

NPT
12.987
19.980
32.301
41.292
47.952
53.613

62.604

66.933

71.262
76.590

80.253
87.246

95.571

40.967

53.795

60.875

80.523

90.636

294 K

NPT
12.654
19.980
23.643
32.303
36.297
43.956

52.614

57942
62.271

66.933

73.926

81.585
90.909
97.569

Table 4. The calculated spectral peaks of methedrine at temperature of 78.4 K, 100 K, 294 K and 400 K at pressure of 1 atm.

78.4 K 100 K 294 K 400 K

12.987 12.654

19.980 17.316 19.980 16.650
27.972 23.643 20.979

32.301 30.303 31.968
36.963 36.297

41.292 43.623 43.956 44.289

47.952

53.613 54.282 52.614 52.946
57.942 57.942 59.274

62.604 62.271

66.933 67.932 66.933

71.262 73.926 72.261

76.590 78.255 77.589

80.253 84.915 81.585 82.584

87.246 88.911 90.909 89.244

95.571 92.574 97.569 96.903
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some peaks show the blue shift while some others show the red shift. For example, the peak of 41.292 cm™* at
78.4 K presents an obvious blue shift, while the peak of 27.972 cm* at 100 K shifts to lower frequencies by in-
creasing the temperature.

The effect of pressure on the peak positions and intensities was investigated by simulating the systems at con-
stant temperature of 78.4 K under the different pressures of 1, 2, 10 and 100 atm, presented in Figure 7. This
figure shows that the effect of pressure on the THz-TDS is not as strong as the effect of temperature. However,
this effect is also considerable. At the constant temperature of 78.4 K and under every pressure, the absorption
begins from the frequency of 25 cm™* and shows two outstanding regions of 60 - 75 cm * and 80 - 100 cm ™. The
absorption intensities of the vibrations with very low frequency (below 20 cm?) are almost zero at different
pressures. The highest absorption intensities at peaks of 43.956 cm %, 55.611 cm *, 80.919 cm * and 87.246 cm*
are obtained under the pressure of 10 atm while the highest intensity for the peaks at 64.935 cm * and 92.974 cm ™
can be obtained by applying 100 atm of pressure. The values of spectral peaks are also collected in Table 5.

0.0025 . . . - r . r
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Intensity (arbitrary units)
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0.0000 L L L L
20 40 60 80 100

Frequency (cm'1)

Figure 7. Simulated THz spectra of methedrine at constant
temperature of 78.4 K and different pressures of 1 atm, 2 atm,
10 atm and 100 atm.

Table 5. The calculated spectral peaks of methedrine with the temperature of 1 atm, 2 atm, 10 atm and 100 atm at tempera-
ture of 78.4 K.

1 atm 2 atm 10 atm 100 atm
12.987 11.655
19.980 18.648 18.648
32.301 29.970 29.970 29.304
41.292 37.962 37.296
47.952 45.954 43.956 43.29
49.298 52.947
53.613 54.945 55.611 56.943
62.604 62.937 59.940 64.935
66.933 69.597 67.932
71.262 72.594
76.590 77.589 78.255
80.253 85.914 80.919 86.247
87.246 87.585 87.246 92.974
95.571 95.904 96.903 97.569
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There are 13, 12, 10 and 11 peaks at the pressure of 1, 2, 10 and 100 atm, respectively. Similar to what occurs
due to the increasing of temperature, some peaks are vanished and again appeared by increasing the pressure;
some of them show a blue shift and some a red shift. There is no constant trend for the THz-TDS by increasing
the pressure. The reason for this complex behavior, similarly to the case of variation of the temperature, mostly
refers to the configuration deformation caused by the pressure which in turn changes the potential energy sur-
face. We note that if there was no change for the configuration or potential energy surface, increasing the tem-
perature would shift the peaks to lower frequencies due to the anharmonicity. At high temperatures system
mostly populates at the high-energy levels. However, due to the anharmonicity the high-energy levels are much
closer than the lower ones. Therefore, the vibrational transitions need the photons with lower energies (or lower
frequencies). As a results, increasing the temperature leads to the increasing of the absorption at lower frequen-
cies. In contrast, increasing the pressure increases the energy gaps between the energy levels resulting in in-
creasing the energy of photon required to excitation. This in turn shifts the frequencies to higher values.

4. Conclusion

Variation of the absorption THz spectra of crystalline methedrine with the change of temperature and pressure
was investigated by molecular dynamics simulations for the first time. Dreiding potential was used to model the
covalent bonds and the hydrogen bonds were modeled by 12 - 10 potential function. The absorption line intensi-
ties were calculated using the time derivative of the auto-correlation functions of the dipole moment. The results
were compared with the available experimental data and indicated a reasonable agreement within at most +4
cmtat T=784Kand+3 cm *at T =294 K. In addition, we examined the positions and intensities variation of
methedrine terahertz spectra at the different temperatures of 78.4 K, 100 K, 294 K, 400 K and the different
pressures of 1 atm, 2 atm, 10 atm, 100 atm in the frequency range of 10 - 100 cm ™. The results showed that the
THz-TDS of crystalline methedrine is very sensitive to the temperature and pressure. The effects were found to
be very complex showing the red shift for some peaks and blue shift for some other peaks as well as the occa-
sionally vanishing some peaks and appearing new ones. These complex behaviors were explained to be related
to the anharmonicity, increasing the gap between the energy levels, destruction and building of the weak interac-
tions and the deformation of the potential energy surface, respectively. Based on the features of positions and
intensities of methedrine terahertz absorption spectra, it is proved to possibly detect and identify the samples
under the different temperatures and pressures. This work helps to deeply understand the crystal properties,
population and distribution of molecular vibrational and hydrogen bonding depending on variation of applied
conditions. Moreover, our results in conclusion provide a database for identifying the drugs from samples and
demonstrate the importance of controlling the ambient pressure and temperature in detection of crystalline me-
thedrine using THz-TDS technique.
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