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a b s t r a c t
As the building blocks of proteins, amino acids serve vital metabolic functions in addition to protein synthesis and
thus attract enormous interest. Here we reported the far-infrared optical properties of L-cysteine (Lcys) and its
hydrochloride monohydrate (LCHM) characterized by terahertz time-domain spectroscopy. The Lcys and
LCHM exhibit quite distinct characteristics in the terahertz region due to diverse collective vibrations of the molecules, which is further conﬁrmed by the solid-state density functional theory (DFT) calculations. The presented
studies indicate that the intermolecular hydrogen bonds play a critical role in the far-infrared terahertz response
of Lcys and LCHM.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Amino acids are the monomers that polymerize to form proteins and
the unique sequence of amino acids in a protein thus constitute its primary structure. As the structure basic unit, amino acids not only fulﬁll
vital roles in protein synthesis but also serve critical metabolic functions. Although proteins in the cells are tremendously versatile, most
of them are composed of just 20 different amino acids. All 20 of these
building block amino acids share a common core structure, but each
one shows distinctive properties due to the different side chains [1].
Among the family of amino acids, L-cysteine (NH+
3 –CH(CH2SH) –
COO−, Lcys) has gathered a great attention on account of its high reactivity and numerous biological functions. It is known that Lcys is a pivotal amino acid in the binding site of the cystic ﬁbrosis
transmembrane regulator ion channel which is associated with the devastating effects of cystic ﬁbrosis [2]. Lcys is capable of forming chemical
bonds with metal surfaces through its thiol side chain and provides the
molecular hook between several biomolecules and metal surfaces [3]. In
addition, Lcys also participates in the biosynthesis of coenzyme A and
may be essential for infants, the elderly and individuals with certain
metabolic diseases [4]. As the hydrochloride salt of Lcys, L-cysteine
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−
hydrochloride monohydrate (NH+
3 –CH(CH2SH)–COOH·Cl ·H2O,
LCHM) is a residue within chloride ion channel proteins associated
with disease. LCHM is implicated in the mutations of the CLCNKB (Chloride channel Kb) chloride channel which leads to Bartter's syndrome
type III [5]. LCHM is also one of the most efﬁcient known radiationprotection agents [6].
Consider the essential importance of Lcys and its hydrochloride derivatives in modern cells, and hence we have an increasing demand to
get to know more basic properties of them, such as the spectral characteristics at various frequency ranges. Different spectroscopic techniques
have been devoted to analyze Lcys and its hydrochloride derivatives.
Schillinger et al. studied the enantioselectivity of cysteine molecules
on Au surface using X-ray photoelectron spectroscopy [7]. Min'kov
et al. studied the 600–4000 cm−1 infrared (IR) spectra of L-cysteine
and DL-cysteine from 333 to 83 K [8]. It shows that IR spectra of Lcysteine and DL-cysteine are substantially different and the differences
–
are considered to be related to the vibrations of –NH+
3 , –COO and –SH
groups involved in hydrogen bond, which may be affected by the temperature. Chapman et al. studied the local environment of chlorine in
LCHM using chlorine solid-state Nuclear Magnetic Resonance spectroscopy [9]. Bhagavannarayana et al. studied the vibrational modes and
functional groups of single crystal LCHM using Fourier transform (FT)
Raman spectroscopy [10], and assigned the weak peak around
200 cm−1 to the lattice vibrations in the bulk crystal specimen.
Thus far, though we have obtained some certain spectra information
of Lcys and LCHM, we have only a limited knowledge about the farinfrared characteristics of them. Continued interest in this subject is
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fueled with the development of time-domain terahertz spectroscopy
(THz-TDS). Due to its longer wavelength and lower energy, terahertz
waves are not ionizing but could probe the low-frequency torsional vibration or rotation energy levels of most molecules without damaging
the sample [11]. In particularly, these terahertz spectra are highly sensitive to the conformation and structure of molecules. THz-TDS has been
widely applied in molecular studies. Janek et al. studied the microcrystalline clay minerals modiﬁed by amino acids using THz-TDS and
found that the hectorite intercalated with cysteine has distinct vibrations as dimmer of cysteine molecule [12]. Upadhya et al. studied the vibrational modes of different polycrystalline saccharides, and identiﬁed
distinct vibrational features as the signatures of inter- and/or intramolecular modes [13]. Kröll et al. studied the sucrose single-crystals and
obtained the THz absorption spectra for different polarization orientations of sucrose crystals [14]. Consequently, as a nondestructive data acquisition and coherence detection technology, THz-TDS provides a
reliable and unique analytical method to study the characteristics of
molecules in the far-infrared frequency region. In this paper, we present
a systematic study of far-infrared terahertz properties of Lcys and LCHM
by using THz-TDS. The temperature-dependent far-infrared terahertz
spectroscopic properties of Lcys and LCHM in the frequency range
from 0.5 to 4.0 THz have been characterized. The measured results are
analyzed based on the intermolecular vibrational modes of Lcys and
LCHM calculated by DFT method.
2. Materials and methods
Lcys and LCHM (purities ≥99.0%) were purchased from J&K Co. Ltd.
and used without further puriﬁcation. Then the Lcys and LCHM were respectively mixed with cyclic oleﬁn copolymer powder (COC, purchased
from Shanghai Institute of Nuclear Research) in a mass ratio of 1:10 and
then pressed them into tablet samples of a diameter of 13 mm and a
thickness of around 1.2 mm under a pressure of 2.0 MPa. The used
COC powder is as the matrix to ensure that the measurements were
made within an optimal absorption range because it has a very low absorption and negligible dispersion at terahertz frequencies [15]. The
Lcys and LCHM samples are characterized by broadband (0.5–4.0 THz)
THz-TDS (TAS7400TS, Advantest Corporation, Japan). The sample was
placed into the THz-TDS system which was purged with dry air to
keep the relative humidity under 1% and each spectrum was average
of 512 scans with the drying air as the reference.
Low temperature measurements were carried out with a liquid nitrogen ﬂowed cryostat (Specac Ltd. UK, accuracy ±0.5 °C) cell. A series
of THz spectra of Lcys and LCHM were recorded in the temperature
range of 83–293 K.
Powder X-ray diffraction (PXRD) measurements were performed on
Bruker D8 Advance (Cu tube with 1. 1.5406 Å, 40 kV voltage, 40 mA ﬁlament emission). The data were collected with a scan ranging from 10°
to 90° (2θ) at room temperature.

analyzed using vibrational analysis tool packaged in Materials Studio,
which could obtain the vibrational frequencies and intensities of molecules from Hessian matrix and atomic polar tensors respectively.
4. Result and discussion
4.1. THz absorption spectra of Lcys and LCHM
The transmitted terahertz through both the sample and the reference were measured and the terahertz power absorption could be extracted through the ratio between the spectra of the sample and the
reference [22]. The frequency-dependent power absorption coefﬁcients
of the measured Lcys and LCHM are plotted in Fig. 1, respectively. The
obvious absorption peaks of the Lcys could be seen located at 1.39,
1.70 and 2.82 THz, while more resonant absorption peaks of the LCHM
are found at 1.15, 1.80, 2.24, 2.52, and 3.34 THz, respectively. It is
known that many factors will contribute to the far-infrared terahertz response of the molecules, such as the chemical compositions and the
structures of the molecules. Except for the different compositions of
the chloride ion (Cl−) and water molecules between the Lcys and the
LCHM molecule, they also exhibit quite different molecular structures.
As depicted in Fig. 2(a) and (b), the 3D hydrogen-bond network of
the Lcys lattice along Z and Y axis shows that the three-dimensional
(3D) structure of the Lcys is formed by cysteine zwitterions (i.e., –
COO−/–NH+
3 ), which interact mainly through intermolecular N–H⋯O
hydrogen bonds and additional S–H⋯S hydrogen bonds [23]. The layers
shown in Fig. 2(a) are connected by N1–H6⋯O2 hydrogen bonds, and
hydrogen-bonded layers in Fig. 2(b) are linked by N1–H7⋯O2 and N1–
H5⋯O1 interactions. The hydrogen bond network of the LCHM is
shown in Fig. 2(c) along Z axis and Fig. 2(d) along X axis, respectively.
The –COOH group forms a hydrogen bond, O1–H8⋯Cl1, with a chloride
anion. The NH+
3 group in the amino acid backbone forms three hydrogen bonds: two with water molecules and one with Cl−. The water molecules act as hydrogen bond donors to form two O–H⋯Cl hydrogen
bonds. The thiol group forms a long S1–H7⋯Cl1 hydrogen bond. It is obvious that the LCHM crystal has a layered structure, with the amino acid
–CH2–SH side-chains arranged outside the layers. As a result, no

3. Computational method
To understand the experimentally measured terahertz responses of
the Lcys and LCHM samples, quantum chemical calculations were performed based on the solid-state DFT using the Cambridge Sequential
Total Energy Package (CASTEP) program [16] as a part of Materials Studio package from Accelrys. The results were obtained for the crystalline
state within the generalized gradient approximation (GGA) at PerdewBurke-Ernzerhof (PBE) correlation functional [17], using Grimme's DFTD2 dispersion-corrected method for DFT-D correction and normconserving pseudopotential as implemented in CASTEP [18–21]. During
the calculations, the plane-wave cutoff energy was set as 830 eV,
Brillouin zone sampling of electronic states were performed on 2 × 1
× 3 and 3 × 2 × 1 Monkhorst-Pack grid for Lcys and LCHM, respectively.
The total energy was converged to 5.0 × 10−6 eV/atom and the maximum forces between atoms were b0.01 eV/Å. Vibration modes were

Fig. 1. The THz absorption coefﬁcients of Lcys and LCHM at room temperature.
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Fig. 2. The hydrogen-bond networks of Lcys (a) (b) and LCHM (c) (d).

Fig. 3. Evolution of the THz absorption spectra of Lcys and LCHM from 83 to 293 K. (the color bar stands for the magnitude of absorption coefﬁcient.)
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hydrogen bonds exist between the layers [24]. Hydrogen-bond lengths
of Lcys and LCHM can be found in Table S1 of Supplementary materials.
Many studies have indicated that terahertz spectroscopy is a powerful tool for detecting the weak bonding in crystals, including hydrogen
bond [21,25,26]. Terahertz vibrational spectroscopy is sensitive to the
intermolecular vibrations in crystals which usually contain the
stretching of hydrogen bond. In this work, both Lcys and LCHM have
distinctive hydrogen bond networks and the experimental THz absorbance could reveal these weak interactions. Furthermore, the quantum
chemical calculations provide a reliable assignment of the observed THz
spectra. Therefore, the highly sensitivity of terahertz spectroscopy to the
molecular compositions and structures could provide ﬁngerprints to
identify the molecules.

4.2. Temperature effect on Lcys and LCHM
Furthermore, the temperature dependence of the terahertz power
absorption of the Lcys and the LCHM are recorded over a temperature
range of 83 to 293 K. As shown in Fig. 3, on cooling, because of vibrational anharmonicity, the terahertz absorption peaks become narrower,
stronger, and slightly blue-shifted for both the Lcys and the LCHM sample. For the Lcys, the peaks at 1.39, 1.70 and 2.82 THz were blue shifted
slightly to 1.45, 1.72 and 2.91 THz, respectively. Below 150 K, two inconspicuous absorption peaks at 2.18 and 2.44 THz at room-temperature
become obvious and pronounced. Similarly, for LCHM, the peaks at
1.15, 1.80 and 2.24 THz were blue-shifted to 1.21, 1.85 and 2.37 THz.
With temperature decrease, the peak at 2.52 THz splits into two peaks
at 2.69 and 2.83 THz when the temperature is reduced to 83 K, and
the peak at 3.34 THz also splits into two peaks at 3.38 and 3.54 THz. In
fact, the temperature plays a very important role in revealing characteristic features of many weak vibrational modes of molecules that are
weak or not observable at room temperature. As the temperature is decreased and more molecules populate the ground state, the average frequency of the absorption envelope would tend to increase [27].

4.3. Calculations
For a more quantitative analysis of the measured data, we perform
the quantum chemical calculations based on the published database in
CCDC (Cambridge Crystallographic Data Centre) and our PXRD measurements. Fig. 4(a) and (b) show the measured PXRD spectra of our
samples, which are in agree very well with those calculated based on
crystal cell parameters of the previous reports [9,23]. Fig. 4(c) and
(d) show the crystal structures of Lcys and LCHM with the corresponding lattice parameters: (c) a = 8.1109 Å, b = 12.1621 Å, c = 5.4210 Å, α,
β, γ = 90° for the Lcys, and a = 5.4588 Å, b = 7.1570 Å, c = 19.389 Å, α,
β, γ = 90°, for the LCHM, respectively. Both Lcys and LCHM are suggested to be orthorhombic in structure with non-centrosymmetric
space group P212121 (Z = 4).
The calculated and experimental THz spectra of Lcys and LCHM are
plotted in Fig. 5, where the calculated results are overall in good agreement with the experimental ones. However, there are some offset and
differences between simulations and experiments, which might be
caused by disparity of crystal situations and temperature effect. To be
speciﬁc, the simulations were performed on perfect crystal structure
while it is hard to idealize in the actual experimental measurements,
and the temperature difference between simulations (0 K) and experiments (83–293 K) could lead to shift and split of peak.
The distinctive vibrations in the THz region are described as intermolecular vibrations and molecular ﬂexing [28], and the intermolecular
vibrational modes are also related to hydrogen bond interactions
[21,25,26]. For a clear identiﬁcation of vibrational modes, six typical vibrational modes of Lcys and LCHM are demonstrated in Fig. 6(a–c) and
(d–f) respectively. For Lcys, the experimental peak at 1.39 THz corresponds to the vibrational mode calculated at 1.59 THz, arising from collective vibration of the Lcys molecules. The measured peak at 1.70 THz is
relative to the calculated peak at 1.80 THz, arising from the translational
vibration of backbone, –CH2–SH side chain rotation and –COO– twisting.
The measured feature at 2.82 THz is produced by the calculated mode at

Fig. 4. The experimental and calculated PXRD patterns of (a) Lcys, (b) LCHM and the crystal structure for (c) Lcys and (d) LCHM.
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2.92 THz, which primarily originates from translation of –NH+
3 and wagging of –COO−.
For LCHM, the experimental peak at 1.15 THz corresponds to the vibrational mode calculated at 1.16 THz, mainly from the –CH2–SH side
chain, –NH+
3 group translation and slight twisting of –COOH group.
The 1.80 THz peak agrees with the calculated peak at 1.77 THz, arising
from wagging of backbone, rotational vibration of –SH group and translation of Cl− and water molecule. The measured feature at 2.52 THz is
relative to the simulated mode at 2.56 THz, which originates from wagging of entire amino acid chain and translation of Cl− and water molecule. The detailed descriptions of vibrational modes of Lcys and LCHM
were presented in Table 1.
The DFT calculations result suggests that the characterized features
of Lcys and LCHM in terahertz region mainly originate from collective
vibrations of molecules and each feature corresponds to a speciﬁc vibrational mode. Incorporation of water molecules and chloride ions makes
the lattice of LCHM completely different from Lcys in dimensions, symmetry and hydrogen bond distribution, and thus results in signiﬁcant
changes of intermolecular motions and terahertz spectra.

5. Conclusion

Fig. 5. The experimental and calculated spectra of Lcys (a) and LCHM (b).

In conclusion, the far-infrared terahertz spectrum of the solid amino
acid Lcys and its hydrochloride derivatives LCHM is dominated by the
intermolecular vibrations. The temperature-dependent terahertz
power absorptions of the Lcys and the LCHM show that they exhibit different terahertz response due to different intermolecular interactions,
which are highly associated with the hydrogen-bond network. The
DFT calculations provide clear evidence for the appearance of intermolecular vibrations of the Lcys and the LCHM in the far-infrared terahertz
range, and indicate that the characterized features of Lcys and LCHM
originate from effects of both hydrogen bonds and intermolecular interactions within the crystal lattice. The presented study here provides the
basic spectral properties of the Lcys and LCHM in the far-infrared
terahertz region and is helpful for ones to understand the lowfrequency vibrations of amino acid.

Fig. 6. The calculated vibrational modes of Lcys at (a) 1.59, (b) 1.80, (c) 2.92 THz, and LCHM at (d) 1.16, (e) 1.77, (f) 2.56 THz, respectively. Corresponding animations can be found in
Supplementary materials.
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Table 1
The absorption peaks and the corresponding vibrational modes of Lcys and LCHM.
Compound Exp. (THz) Cal.
Vibrational mode descriptiona
(THz)
293 83
K
K
Lcys

1.39 1.45
1.72

1.15 1.21
1.80 1.85
2.24 2.37

1.59
1.80
2.13
2.16
2.48
2.67
2.92
3.08
3.30
3.52
3.60
1.16
1.77
2.35

2.69

2.56

2.52 2.83

2.79
3.06

1.70

2.18
2.44
2.91

2.82
3.26
LCHM

3.34

3.13

3.27

3.38

3.32

3.54

3.52

Collective
t(backbone), ρ(–CH2–SH) and τ(–COO−)
Collective
t(backbone), τ(–COO−) and ν(N1–H6⋯O2)
Collective, ν(S1–H1⋯S1)
b(backbone), ν(N1–H5⋯O1)
−
t(–NH+
3 ), ω(–COO ) and ν(N1–H5⋯O1)
Collective
Collective, ν(N1–H7⋯O2)
ρ(backbone), t(–NH+
3 ) and ν(N1–H6⋯O2)
Mainly from ρ(–CH2–SH), ν(S1–H1⋯S1)
+
t(–CH2–SH), t(–NH3 ) and τ(–COOH)
ω(backbone), ρ(–SH), t(Cl−) and t(H2O)
ρ(–SH), ω(backbone)
ω (backbone), t(Cl−) and t(H2O) with
ν(O1W–H1W⋯Cl)
ω(backbone), ρ(–SH), t(Cl−) and t(H2O)
ω(–COOH), t(–SH), t(Cl−) and ν(O1–H8⋯Cl)
ρ(backbone), t(Cl−) and t(H2O) with
ν(O1–H8⋯Cl)
ω(–COOH), t(–SH) and ν(N1–H4⋯O1W)
ρ(–CH2–SH), t(–COOH), t(Cl−) and
ν(S1–H7⋯Cl1)

a

The abbreviations employed for vibrations are: t (translation), ω (wagging), ρ (rotation), ν(stretching), b (bending) and τ (twisting); numbering schemes of Lcys and LCHM
are presented in Supplementary data.
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