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A B S T R A C T

Caffeine, theophylline and theobromine are representative xanthine alkaloids, commonly used as stimulants due
to their effects on the central nervous system. Despite their similar molecular structures, they have different
pharmacological effects, necessitating a rapid and accurate identification method. In this study, terahertz time-
domain spectroscopy (THz-TDS) was used to measure the absorption spectra of these three xanthine alkaloids
within the range of 2.0–17.0 THz. The characteristic absorption peaks were visualized and analyzed basing on
the quantum chemical calculations using Hartree-Fock (HF), Møller–Plesset perturbation theory (MP2) and
density functional theory (DFT). Caffeine exhibited unique absorption peaks at 4.24, 5.00, and 11.13 THz.
Theophylline showed characteristic peaks at 9.25, 12.20, and 15.09 THz. While theobromine exhibited char-
acteristic peaks at 4.45, 7.68, and 11.21 THz. The results demonstrate that combining THz-TDS with DFT
calculation can non-destructively, efficiently, and accurately identify these xanthine alkaloids, and providing
valuable information for further understanding their pharmacological functions.

1. Introduction

Xanthine alkaloids are a class of naturally occurring nitrogen-
containing organic compounds known for their central nervous system
stimulatory activity [1,2]. They are widely used in clinical and health-
care settings. The most commonly used xanthine alkaloids include
caffeine, theophylline, and theobromine. These compounds share
similar molecular structures, as they all contain purine rings. However,
they differ in the position and number of their specific substituents.
Caffeine (C8H10N4O2) is a trimethyl xanthine with methyl groups
located at the 1, 3, and 7 positions. Theophylline (C6H4N4O2) is a
dimethylxanthine with two methyl groups at positions 1 and 3. Theo-
bromine (C7H8N4O2) is also a dimethylxanthine, but its methyl groups
are at positions 3 and 7. These structural differences result in varying
pharmacological effects. Caffeine has strong central nervous system
stimulating activity. It is commonly used to treat headaches and increase
heart rate, with side effects including insomnia, anxiety, and palpita-
tions [3–5]. Theophylline acts as a bronchodilator by inhibiting of
phosphodiesterase, leading to an increase in intracellular cyclic adeno-
sine monophosphate levels. It is often used to treat asthma and chronic
obstructive pulmonary disease, with side effects such as gastrointestinal
discomfort and insomnia [6–8]. Theobromine has mild central nervous

system stimulatory activity and cardiac excitatory effects. It has fewer
side effects, including mild gastrointestinal distress and tachycardia
[9–11]. Despite their structural similarities, these compounds exhibit
significantly different pharmacological effects as shown in Table 1.
Therefore, the accurate identification of these xanthine alkaloids is of
great scientific and clinical significance. This ensures the rational use of
drugs, helps avoid misdiagnosis and adverse reactions, and improves
therapeutic efficacy.

Common methods employed to identify different xanthine alkaloids
include high-performance liquid chromatography (HPLC), mass spec-
trometry (MS), and Raman spectroscopy. HPLC method utilizes the
distribution equilibrium between the stationary and mobile phases to
sequentially separate and detect components at different retention
times. In 2023, Gonzales-Yépez et al. [12] achieved the identification of
caffeine, theophylline, and theobromine in beverages using HPLC
coupled diode-array detection. Mass spectrometry identifies different
xanthine alkaloids by measuring the mass-to-charge ratio of fragment
ions. The major characteristic fragment ions for caffeine are 195, 138,
and 110 m/z, for theophylline are 181, 163, and 138 m/z, and for
theobromine are 181, 124, and 96 m/z [13,14]. Raman spectroscopy
identifies the molecular structures by analyzing their characteristic
fingerprint spectra. The major Raman characteristic peaks for caffeine
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are 553, 1316, and 1605 cm− 1, for theophylline are 520, 440, and 1587
cm− 1, and for theobromine are 639, 1316, and 1355 cm− 1 [15,16].
While HPLC, MS, and Raman spectroscopy have their advantages in
identifying structurally similar biomolecules, they possess limitations
including complexity, cost, and accuracy issues. Therefore, it is impor-
tant to develop new, efficient and economical methods for identifying
these structurally similar alkaloids.

Terahertz (THz) waves are located in the 0.1–20.0 THz band, posi-
tioned between the millimeter and infrared bands. They possess unique
properties that distinguish them from other electromagnetic bands. THz
waves are highly sensitive to the low-frequency motion patterns of
biomolecules, such as crystal vibrations and weak interactions like
hydrogen bonding and van der Waals forces. This sensitivity allows for
the effective identification of biomolecules with similar structures,
including chiral enantiomers and isomers [17]. Additionally, the photon
energy of THz radiation is on the order of millielectron volts, which is
low enough to avoid photoionizing or damaging biomolecules [18–20].
This enables nondestructive detection. Due to these attributes, THz
spectroscopy has been employed in the identification of structurally
similar drug molecules across a wide range of pharmaceuticals [21–24].
Building upon this foundation, the combination of THz spectroscopy and
quantum chemical calculations emerges as a potent analytical method-
ology, further enhancing the understanding of the intricacies of drug
molecules [24–28].

Although THz spectroscopy has demonstrated its potential in iden-
tifying structurally similar drug molecules, research on its application in
detecting xanthine alkaloids is still in its infancy. In 2017, Weiling Fu
et al. [29] used THz time-domain spectroscopy to obtain the absorption
curves of caffeine, theophylline, and theobromine at 0.2–2.0 THz. Based
on their characteristic absorption peaks in this band, they achieved
preliminary identification of these three compounds. In 2021, Yang et al.
[30] successfully identified the caffeine component in a compound
acetaminophen drug using THz spectroscopy combined with a machine
learning algorithm. In 2022, Phatham et al. [31] successfully identified
the caffeine component of quinic acid/nicotinic acid/caffeine mixture
by analyzing the characteristic absorption fingerprint spectrum of
caffeine in the range of 0.3–3.0 THz. However, most current studies
focus on narrower low-frequency bands, and the depth of THz response
characterization for different types of xanthine alkaloids remains
shallow.

This study investigates the THz characteristic peaks of three xanthine
alkaloids across a broad frequency range through a combination of
experimental testing and quantum chemical calculations. The analysis
includes identifying molecular vibrational modes corresponding to
characteristic absorption peaks and exploring the correlation between
their structural properties and characteristic absorption frequencies.

The research aims to provide a new detection method utilizing THz
spectroscopy for the rapid identification of structurally similar xanthine
alkaloids. The anticipated outcomes are expected to advance the
application of THz spectroscopy in pharmaceutical analysis and
identification.

2. Materials and methods

2.1. Materials

Caffeine powder was provided by the Chongqing Institute for Food
and Drug Control. Anhydrous theophylline powder (CAS: 487-21-8) and
theobromine powder (CAS: 83-67-0) were purchased from Shanghai
Aladdin Biochemical Technology Co. Ltd., both with a purity exceeding
99 %. Copolymers of cycloolefin (COC) powder, purchased from the
Shanghai Institute of Nuclear Research, had an average particle size
below 60 µm. These raw materials were not further purified before use.

2.2. Sample preparation

The COC powder exhibits low absorption in the 2–20 THz, making it
suitable as a diluent for preparing alkaloid samples. Initially, 60 mg of
COC powder was finely ground and compressed under a pressure of 3
tons to form a tablet with smooth and parallel surfaces. This COC tablet
served as the reference samples for subsequent THz measurements,
providing reference signals. Subsequently, 5 mg of alkaloid powder
(caffeine, anhydrous theophylline, or theobromine) was thoroughly
mixed with 60 mg of COC powder. The mixtures were then ground and
compressed under a 3 tons pressure for 3 min, to form tablets with an
average diameter of 13 mm and a thickness in range of 500–580 µm. The
sample loss during preparation was controlled to below 1 %.

2.3. Experimental apparatus

THz spectroscopy was conducted using a commercial Fourier
Transform Infrared Spectrometer (FTIR, Bruker VERTEX 80v). The light
source was a water-cooled mercury lamp, and the detector was a DTGS/
polyethylene detector. The effective spectral region covered from 2.0 to
20.0 THz, with a Signal to Noise Ratio (SNR) exceeding 10000:1. All
spectra were measured under vacuum at room temperature (~22 ◦C) in
order to minimize the effect of water vapor on the experiment results.
The resolution was 4 cm− 1, the average number of scans was 32, and the
scanning speed was 5 kHz.

Table 1
Molecular structure and medicinal properties of the three Xanthine alkaloids [3–11].

Name Caffeine Anhydrous theophylline Theobromine

Molecular structure

Medicinal
properties

Common
medicinal
properties

Central nervous system stimulation
Caffeine > Theophylline > Theobromine [6]

Unique
medicinal
properties

Vasoconstrictor, used to promote smooth
muscle relaxation and reduce headaches
[3,6]

Bronchodilator, used in the treatment of asthma
and chronic obstructive pulmonary diseases
[6–8]

Vasodilator, used to lower blood pressure
and improve blood circulation [10,11]

Side effects Insomnia, anxiety, and palpitations [3–5] Gastrointestinal discomfort and insomnia [7,8] Mild gastrointestinal discomfort and
tachycardia [9–11]
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2.4. Theoretical calculation

THz wave exhibit high sensitivity to low-frequency molecular mo-
tions, such as backbone vibrations and weak interaction, enabling them
to reflect the unique molecular structures. To understanding the char-
acteristic absorption properties of caffeine, theobromine, and anhydrous
theophylline in the THz region, quantum chemical calculations were
employed in this study.

The initial structure models of the three xanthine alkaloids were
obtained from the PubChem Structure database. The caffeine model has
PubChem CID: 2519, anhydrous theophylline model has PubChem CID:
10250, and theobromine has PubChem CID: 5429. These molecular
models were input into Gaussian 09 W software for molecular structure
optimization, theoretical spectrum calculations, and vibrational mode
analysis. Structure optimization and the frequency calculation are car-
ried out under the same calculation method and basis set. Four
computational methods were used: HF/6-31g(d), MP2/6-31g(d), DFT/
B3LYP/6-31g(d), and DFT/B3LYP/6–311g(d,p). These methods used
three ab initio frameworks, the Hartree-Fock (HF) method,
Møller–Plesset perturbation theory (MP2) and density functional theory
(DFT), with different basis set compositions. By using these methods, the
theoretical vibrational spectra of the three xanthine alkaloids in the
range of 2.0–17.0 THz were obtained. Subsequently, all the vibrational
frequencies were Gaussian broadened according to a half-peak width of
4 cm− 1 to obtain their theoretical spectra. The molecular vibrational
modes corresponding to each vibrational frequency were then resolved.
In this paper, our theoretical simulation results are also focused on this
specific band to facilitate a meaningful comparison with the experi-
mental test outcomes.

3. Analysis and discussion

3.1. Experimental THz absorbance spectra for xanthine alkaloids

Fig. 1 shows the experimental absorption spectra of caffeine, anhy-
drous theophylline, and theobromine in the range of 2.0–17.0 THz. In
the THz spectrum of caffeine, twelve absorption peaks were observed,
including strong peaks at 5.00, 6.59, 11.13, 11.71, 12.72, 13.32, 14.42
THz, weak peaks at 3.18, 7.22, 9.31, 16.50 THz, and a shoulder peak at
4.24 THz. Peaks exceeding 10 % of the maximum peak’s height are
classified as strong; others are weak. Three absorption peaks at 4.24,
5.00, and 11.13 THz were found only in caffeine but not in the other two
xanthine alkaloids. Anhydrous theophylline showed fewer and weaker

absorption peaks in the 2.0–8.0 THz region, but exhibited three strong
absorption peaks at 9.25, 12.20, and 15.09 THz. The experimental
spectrum of theobromine exhibited twelve absorption peaks, including
unique absorption peaks at 4.45, 7.68, and 11.21 THz. The experimental
results demonstrated that the caffeine, anhydrous theophylline, and
theobromine have both common and unique THz characteristic peaks.
The unique characteristic peaks of each xanthine alkaloid are indicated
in the colored section of Fig. 1.

3.2. Theoretical THz spectra for xanthine alkaloids

Fig. 2 shows the comparison between the experimental and theo-
retical spectra of caffeine at 2.0–17.0 THz. Four different computational
methods were used to obtain theoretical spectra: HF/6-31g(d), MP2/6-
31g(d), DFT/B3LYP/6-31g(d), and DFT/B3LYP/6-311g(d,p). The HF/
6–31g(d) method calculated 17 vibrational frequencies for caffeine,
resulting in 10 theoretical absorption peaks in 2.0–17.0 THz after
Gaussian broadening. Similarly, the MP2/6-31g(d) method calculated
17 vibrational frequencies, showing 12 theoretical absorption peaks.
The DFT/B3LYP/6-31g(d) method calculated 16 vibrational fre-
quencies, showing 12 theoretical absorption peaks. The DFT/B3LYP/6-
311g(d,p) method calculated 16 vibrational frequencies, resulting in 11
theoretical absorption peaks.

Table 2 presents the statistical deviations between the experimental
and theoretical peaks of caffeine, obtained using different computa-
tional methods. The deviations of the HF/6–31g(d) method range from
− 0.32 to 0.55 THz, with a total absolute deviation of 2.73 THz. For the
MP2/6-31g(d) method, the deviations range from − 0.28 to 0.62 THz,
and the sum of absolute deviation is 2.61 THz. For the DFT/B3LYP/6-
31g(d) method, the deviations range from − 0.10 to 0.50 THz, and the
sum of absolute deviation is 2.35 THz. While the DFT/B3LYP/6-311g(d,
p) method shows deviations ranging from − 0.21 to 0.49 THz, with a
total absolute deviation of 2.81 THz in comparison. Among these
computational methods, the theoretical spectrum obtained using the

Fig. 1. THz absorption spectra of caffeine, anhydrous theophylline and
theobromine.

Fig. 2. Comparison of experimental and theoretical spectra of caffeine in
2.0–17.0 THz.
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DFT/B3LYP/6-31g(d) method closely matches the experimental spec-
trum for caffeine. Therefore, the vibrational mode analysis of caffeine
was conducted based on this method. The experimental peaks at 3.18,
4.24, 5.00, 6.59, 7.22, 9.31, 11.13, 11.71, 12.72, 13.32, 14.42, and
16.50 THz correspond to the theoretical peaks at 2.85, 3.93, 5.00, 6.21,
7.26, 8.95, 10.63, 11.72, 12.48, 13.34, 14.52, and 16.44 THz respec-
tively (DFT/B3LYP/6-31 g(d)).

The comparison between the experimental and theoretical spectra of
anhydrous theophylline, is presented in Fig. 3. The HF/6-31 g(d) method
calculated 9 vibrational frequencies for anhydrous theophylline,
resulting in 6 theoretical absorption peaks in 2.0–17.0 THz after
Gaussian broadening. The MP2/6-31 g(d) method calculated 10 vibra-
tional frequencies for anhydrous theophylline, resulting in 8 theoretical
absorption peaks. The DFT/B3LYP/6-31 g(d) method calculated 10
vibrational frequencies, showing 7 theoretical absorption peaks. Simi-
larly, the DFT/B3LYP/6-311 g(d,p) method calculated 10 vibrational
frequencies, resulting in 7 theoretical absorption peaks.

The statistical deviations between the experimental and theoretical
peaks of anhydrous theophylline, obtained using different computa-
tional methods, were presented in Table 3. The deviations of the HF/6-
31g(d) method range from − 1.16 to 0.58 THz, with a total absolute
deviation of 3.67 THz. For the MP2/6-31g(d) method, the deviations
range from − 0.33 to 0.71 THz, and the sum of total absolute deviation is
2.13 THz. For the DFT/B3LYP/6-31g(d) method, the deviations range
from − 0.92 to 0.79 THz, and the sum of total absolute deviation is 3.64
THz. While the DFT/B3LYP/6-311g(d,p) method shows deviations
ranging from − 0.98 to 0.68 THz, with a total absolute deviation of 3.72
THz in comparison. Among these computational methods, the theoret-
ical spectrum obtained using the MP2/6-31g(d) method closely matches
the experimental spectrum for anhydrous theophylline. Therefore, the
experimental peaks at 2.20, 3.18, 4.80, 9.25, 12.20, 13.06, 13.82, and
15.09 THz correspond to the theoretical peaks at 2.53, 3.49, 4.36, 9.24,
11.49, 13.08, 14.07 and 15.02 THz respectively based on MP2/6-31g(d)
method.

Fig. 4 presents the experimental and theoretical spectra of theobro-
mine. The HF/6-31g(d) method calculated 13 vibrational frequencies
for anhydrous theophylline, resulting in 10 theoretical absorption peaks
in 2.0–17.0 THz after Gaussian broadening. The MP2/6-31g(d) method
calculated 13 vibrational frequencies for anhydrous theophylline,
resulting in 9 theoretical absorption peaks. The DFT/B3LYP/6-31g(d)
method calculated 12 vibrational frequencies, showing 9 theoretical
absorption peaks. Similarly, the DFT/B3LYP/6-311g(d,p) method
calculated 12 vibrational frequencies, resulting in 9 theoretical ab-
sorption peaks.

The statistical deviations between the experimental and theoretical
peaks of theobromine, obtained using different computational methods,
were presented in Table 4. The deviations of the HF/6-31g(d) method
range from − 0.45 to 0.87 THz, with a total absolute deviation of 3.22
THz. For the MP2/6-31g(d) method, the deviations range from − 0.48 to
0.99 THz, and the sum of total absolute deviation is 3.17 THz. For the
DFT/B3LYP/6-31g(d) method, the deviations range from − 0.47 to 0.65
THz, and the sum of total absolute deviation is 2.77 THz. While the DFT/
B3LYP/6-311g(d,p) method shows deviations ranging from − 0.46 to
0.60 THz, with a total absolute deviation of 2.56 THz in comparison.
Among these computational methods, the theoretical spectrum obtained
using the DFT/B3LYP/6-311g(d,p) method closely matches the experi-
mental spectrum for theobromine. The experimental peaks at 2.89, 3.70,
4.45, 5.61, 6.70, 7.68, 9.48, 11.21, 12.66, 13.70, and 15.20 THz
correspond to the theoretical peaks at 2.90, 3.47, 4.59, 6.02, 6.41, 7.08,
9.40, 11.49, 12.67, 13.65, and 15.66 THz respectively based on DFT/
B3LYP/6-311g(d,p) method.

Different computational methods exhibit different accuracies when
applied to xanthine alkaloids. The HF/6-31g(d), MP2/6-31g(d) and
DFT/B3LYP/6-31g(d) methods used the same basis set but differ in their
theoretical frameworks. For the three xanthine alkaloids analyzed, the

Table 2
Comparison of caffeine experimental and theoretical peaks under different computational methods.

Experimental
peak (THz)

HF/6-31g(d) MP2/6-31g(d) DFT/B3LYP/6-31g(d) DFT/B3LYP/6-311g(d,p)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

3.18
4.24
5.00
6.59
7.22
9.31
11.13
11.71
12.72
13.32
14.42
16.50

2.97
3.69
4.89
6.20
—
9.12
10.92
12.03
12.94
13.42
14.67
16.68

0.21
0.55
0.11
0.39
—
0.19
0.21
− 0.32
− 0.22
− 0.10
− 0.25
− 0.18

3.37
3.72
4.38
6.27
—
9.03
10.88
11.75
12.66
13.34
14.45
16.78

− 0.19
0.52
0.62
0.32
—
0.28
0.24
− 0.05
0.06
− 0.01
− 0.03
− 0.28

2.85
3.93
5.00
6.21
7.26
8.95
10.63
11.72
12.48
13.34
14.52
16.44

0.33
0.31
0.00
0.38
− 0.04
0.36
0.50
− 0.01
0.24
− 0.02
− 0.10
0.06

2.71
3.75
4.68
6.18
—
9.03
10.79
11.92
12.76
13.36
14.51
16.62

0.47
0.49
0.32
0.41
—
0.28
0.34
− 0.21
− 0.04
− 0.04
− 0.09
− 0.12

Fig. 3. Comparison of experimental and theoretical spectra of anhydrous
theophylline in 2.0–17.0 THz.
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HF/6-31g(d) method took 5–11 min with frequency − deviations
ranging from − 1.16 to 0.87 THz, the MP2/6-31g(d) method took 53 min
to 9.5 h with frequency deviations ranging from − 0.48 to 0.99 THz,

whereas the DFT/B3LYP/6-31g(d) method took 12–23 min with fre-
quency deviations ranging from − 0.92 to 0.79 THz. The HF method
offers a foundational mean-field approximation for electronic correla-
tions [32]. This is further refined by the MP2 method, which simulta-
neously incorporates electron correlation and dispersion energy [33]. In
contrast, the DFT method excels in incorporating electronic information
for xanthine alkaloids, offering a balance of calculation accuracy and
efficiency.

The difference between DFT/B3LYP/6-31g(d) and DFT/B3LYP/6-
311g(d,p) methods lies in their basis set composition, specifically the
splitting group of valence orbitals and the inclusion of polarization
functions. For the xanthine alkaloids analyzed, the DFT/B3LYP/6-31g
(d) method took 12–23 min, while the DFT/B3LYP/6-311g(d,p)
method took 24–45 min. The 6-31g(d) basis set provided higher accu-
racy for caffeine and anhydrous theophylline, whereas the 6-311g(d,p)
basis set exhibited higher accuracy for theobromine. Although the 6-
311g(d,p) basis set offers slightly better accuracy but at the cost of
increased computation time. Balancing efficiency with accuracy, the 6-
31g(d) basis set is recommended. Therefore, the DFT/B3LYP/6-31g(d)
method is deemed more appropriate for theoretical studies of xanthine
alkaloids.

Additionally, frequency deviations were observed between some
experimental and theoretical peaks. For example, the theoretical peak at
4.10 THz for anhydrous theophylline was experimentally observed at
3.18 THz, and the theoretical peak at 7.03 THz for theobromine
appeared at 7.68 THz experimentally. These frequency deviations likely
result from the theoretical calculations considering single molecules at
0 K, while experimental measurements are conducted on polymolecule
systems at room temperature. Such difference in conditions affects the
accuracy of molecular motion calculations in THz wave region [34].

3.3. Common vibrational modes of xanthine alkaloids

Caffeine, anhydrous theophylline, and theobromine exhibit struc-
tural similarities and therefore possess similar vibrational modes. The

Table 3
Comparison of anhydrous theophylline experimental and theoretical peaks under different computational methods.

Experimental
peak (THz)

HF/6-31g(d) MP2/6-31g(d) DFT/B3LYP/6-31g(d) DFT/B3LYP/6-311g(d,p)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

2.20
3.18
4.80
9.25
12.20
13.06
13.82
15.09

2.81
4.34
4.81
9.16
11.62
13.80
14.06
14.85

− 0.61
− 1.16
− 0.01
0.09
0.58
− 0.74
− 0.24
0.24

2.53
3.49
4.36
9.24
11.49
13.08
14.07
15.02

− 0.33
− 0.31
0.44
0.01
0.71
− 0.02
− 0.25
0.07

2.78
4.10
4.66
9.17
11.41
13.72
13.85
14.88

− 0.58
− 0.92
0.14
0.08
0.79
− 0.66
− 0.03
0.21

2.74
4.16
4.62
9.19
11.52
13.77
13.86
14.86

− 0.54
− 0.98
0.18
0.06
0.68
− 0.71
− 0.04
0.23

Fig. 4. Comparison of experimental and theoretical spectra of theobromine in
2.0–17.0 THz.

Table 4
Comparison of theobromine experimental and theoretical peaks under different computational methods.

Experimental
peak (THz)

HF/6-31g(d) MP2/6-31g(d) DFT/B3LYP/6-31g(d) DFT/B3LYP/6-311g(d,p)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

Theoretical
peak (THz)

Deviation
(THz)

2.43
2.89
3.70
4.45
5.61
6.70
7.68
9.48
11.21
12.66
13.70
15.20

2.45
2.92
3.43
4.56
5.98
6.27
6.81
9.33
11.42
12.57
13.46
15.65

− 0.02
− 0.03
0.27
− 0.11
− 0.37
0.43
0.87
0.15
− 0.21
0.09
0.24
− 0.45

—
2.83
3.15
3.83
5.65
6.44
6.69
9.46
11.32
12.64
13.68
15.68

—
0.06
0.55
0.62
− 0.04
0.26
0.99
0.02
− 0.11
0.02
0.02
− 0.48

—
2.93
3.44
4.59
6.05
6.43
7.03
9.39
11.42
12.63
13.62
15.67

—
− 0.04
0.26
− 0.14
− 0.44
0.27
0.65
0.09
− 0.21
0.03
0.08
− 0.47

—
2.90
3.47
4.59
6.02
6.41
7.08
9.40
11.49
12.67
13.65
15.66

—
− 0.01
0.23
− 0.14
− 0.41
0.29
0.60
0.08
− 0.28
− 0.01
0.05
− 0.46

N. Wang et al. Journal of Molecular Spectroscopy 404 (2024) 111936 

5 



origins of these common characteristic THz peak were investigated in
detail. Some THz peaks arise from the combination of multiple vibra-
tional modes. The contribution of each vibrational mode was quantified
by dividing its vibrational intensity by the sum of the intensities of all
contributing vibrational modes, allowing for the identification of the
most dominant vibrational mode. For the terahertz peak from a single
vibration mode, its contribution is inherently 100 %.

These xanthine alkaloids exhibit a common characteristic THz peak
in the range of 13.3–13.8 THz. The experimental peaks closely corre-
spond to the theoretical peaks: 13.32 THz for caffeine (theoretical: 13.34
THz), 13.70 THz for theobromine (theoretical: 13.65 THz), and 13.82
THz for anhydrous theophylline (theoretical: 13.85 THz), as illustrated
in Fig. 5. These peaks originate from the in-plane stretching vibration of
the nitrogen-containing six-membered ring. Caffeine and theobromine
exhibit greater similarity in vibrational modes compared to anhydrous
theophylline, owing to the structural transition in anhydrous theoph-
ylline from a five-membered ring to a six-membered ring.

Both caffeine and theobromine exhibit common characteristic THz
peaks around 6.6–6.7 THz and 12.6–12.7 THz. The experimental peaks
closely correspond to the theoretical peaks: 6.59 THz for caffeine
(theoretical: 6.21 THz), 6.70 THz for theobromine (theoretical: 6.41
THz), as illustrated in Fig. 6 (a-b). Additionally, 12.72 THz for caffeine
(theoretical: 12.48 THz), 12.66 THz for theobromine (theoretical: 12.67
THz), as illustrated in Fig. 6 (c-d). The peak around 6.6–6.7 THz mainly
arises from the in-plane rocking vibration of the 7-position methyl
group, although the vibrational orientations differ between caffeine and
theobromine. Similarly, the peak around 12.6–12.7 THz mainly origi-
nates from the in-plane rocking vibration involving both methyl groups
(3- and 7-position) and hydroxyl group (2-position), although their
vibrational orientations differ between caffeine and theobromine.

Both anhydrous theophylline and theobromine possess nitrogen-
containing six-membered rings and neither has a methyl group at the
1-position. The theoretical peak at 4.66 THz for anhydrous theophylline
corresponds to the experimental peak at 4.80 THz, as shown in Fig. 6(a),
and the theoretical peak at 6.02 THz for theobromine corresponds to the
experimental peak at 5.61 THz, as shown in Fig. 6(b). Both vibrational
modes are related to the out-of-plane bending vibration of nitrogen-
containing six-membered rings, though their vibrational orientations
differ.

Both anhydrous theophylline and theobromine exhibit a common
characteristic THz peak in the range of 4.8–5.6 THz. The experimental
peak at 4.80 THz for anhydrous theophylline corresponds to the theo-
retical peak at 4.66 THz, and the experimental peak at 5.61 THz for
theobromine corresponds to the theoretical peak at 6.02 THz, as shown
in Fig. 7. These peaks are related to the out-of-plane bending vibration of
nitrogen-containing six-membered rings, despite their opposite vibra-
tional orientations.

3.4. Unique vibrational modes of xanthine alkaloids

Caffeine has a distinctive methyl group at 1-position, which triggers
some unique vibrational modes in the 2.0–17.0 THz region. For
example: the experimental peak at 4.24 THz (theoretical: 3.93 THz)
mainly originates from the out-of-plane rocking vibration of the methyl
groups, with a contribution degree of 98.17%, as shown in Fig. 8(a). The
experimental peak at 5.00 THz (theoretical: 5.00 THz) originates solely
from in-plane rocking vibration of the methyl groups, as shown in Fig. 8
(b). The experimental peak at 11.13 THz (theoretical: 10.63 THz)
originates solely from in-plane rocking vibration of the 1-position
methyl group, as shown in Fig. 8(c).

Anhydrous theophylline has no methyl group, and the anisotropy of
its five-membered ring into a six-membered ring, triggers some unique
vibrational modes in the 2.0–17.0 THz region. For example: the exper-
imental peak at 9.25 THz (theoretical: 9.17 THz) originates solely from
the in-plane rocking vibration of the 10-position carbonyl group, as
shown in Fig. 8(d). The experimental peak at 12.20 THz (theoretical:
11.41 THz) arises solely from the in-plane rocking vibration of the 2- and
10-position carbonyl groups, as shown in Fig. 8(e). The experimental
peak at 15.09 THz (theoretical: 14.88 THz) originates solely from the in-
plane stretching vibration of the nitrogen-containing six-membered
ring, as shown in Fig. 8(f).

Theobromine possess two methyl groups at 3- and 7- positions,
which trigger some unique vibrational modes in the 2.0–17.0 THz re-
gion. For example: the experimental peak at 4.45 THz (theoretical: 4.59
THz) originates solely from the out-of-plane rocking vibration of the 7-
position methyl group, as shown in Fig. 8(g). The experimental peak at
7.68 THz (theoretical: 7.08 THz) arises solely from the out-of-plane
rocking vibration of the methyl groups, as shown in Fig. 8(h). The
experimental peak at 11.21 THz (theoretical: 11.49THz) mainly origi-
nates from in-plane rocking vibration of the 7-position methyl group
along with the 9-position carbonyl group, with a contribution of 99.92
%, as shown in Fig. 8(i).

The characteristic peaks of caffeine at 4.24, 5.00, and 11.13 THz,
anhydrous theophylline at 9.25, 12.20, and 15.09 THz, and theobromine
at 4.45, 7.68, and 11.21 THz correspond to low-frequency vibrational
modes associated with distinct functional groups. By combining these
unique THz peaks, a more precise identification of various xanthine
alkaloids can be achieved.

4. Conclusion

This paper investigated the characteristic spectra and vibrational
modes of three xanthine alkaloids (2.0–17.0 THz) using THz spectros-
copy and theoretical calculations. Theoretical spectra closely match
measured THz spectra, validating the accuracy of quantum chemical
calculations. Considering both calculation accuracy and efficiency, the
DFT/B3LYP/6-31g(d) method is more suitable for theoretical calcula-
tions of xanthine alkaloids. Characteristic absorption frequencies were

Fig. 5. The common vibration modes of three xanthine alkaloids.

N. Wang et al. Journal of Molecular Spectroscopy 404 (2024) 111936 

6 



identified, with common vibrational modes from the same functional
groups producing similar absorption peaks. A common THz peak for the
three xanthine alkaloids was observed at 13.3–13.8 THz. Caffeine and
theobromine exhibited common THz peaks around 6.6–6.7 THz and
12.6–12.7 THz. Anhydrous theophylline and theobromine shared a
common THz peak in the range of 4.8–5.6 THz. Unique vibrational

modes from distinct functional groups produced unique absorption
peaks, such as those observed at 4.24, 5.00, and 11.13 THz for caffeine;
9.25, 12.20, and 15.09 THz for anhydrous theophylline; and 4.45, 7.68,
and 11.21 THz for theobromine. These peaks correspond to low-
frequency vibrational modes of their respective functional groups.
This method addresses issues with existing detection techniques,

Fig. 6. The common vibration mode of caffeine and theobromine.

Fig. 7. The common vibration mode of anhydrous theophylline and theobromine.
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offering a new approach for THz spectroscopy in pharmaceuticals by
solving problems related to sample pretreatment, high loss rate, long
time consumption, and high cost.
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