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TERAHERTZ SPECTROSCOPY AND DENSITY FUNCTIONAL THEORY ANALYSIS
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The terahertz (THz) absorption spectrum of orotic acid monohydrate in the crystalline phase was exper-
imentally obtained by using THz time-domain spectroscopy and computationally simulated by using density
functional theory. Four distinct peaks were observed within the range of 12—128 cm™, and were computa-
tionally reproduced by simulations using the Perdew—Burke—Ernzerhof functional. A comparison of the ex-
perimental and calculated data indicated that the measured peaks mostly originated from intermolecular
forces in which the interactions between orotic acid molecules dominated. In addition, the feature located at
110.2 cm™ was attributed to the interactions between orotic acid and water molecules. These findings
demonstrate that THz spectroscopy can be used to monitor molecular dehydration during industrial production.
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Tepazepyosviii cnexmp no2noujeHuss MOHOSUOPAMA OPOMOBOU KUCIOMbL 8 KPUCIAIAUYECKOU haze no-
JIyUeH IKCNePUMEHMANbHO U CMOOEIUPOBAH C NOMOWbIO meopuu QyHKyuonana niomuocmu. Yemuipe om-
uemaueblx makcumyma 6 ouanaszomne 12—I128 cm™! socnpoussedenvt Moderuposanuem ¢ UChOb306aHUEM
@yuxyuu Ilepovio—bepra—Opnyepxoga. Cpashenie 3KCnepuMeHmanbHbiX U pacyemublx OAHHbIX NOKA3AI0,
Mo usMepeHHbvle MAKCUMYMbL NOABNAIOMCS 8 OCHOBHOM U3-30 MEHCMONEKYIAPHBIX CUTL, 8 KOMOPLIX OOMUHU-
pyiom e3aumodeiicmeus MoneKkyn opomogoii kuciomul. Ocobennocmv npu 110.2 cm™' obvacuena ezaumo-
deticmauem opomoGol KUCIOMbL U MOAEKYJL 600b.

Knwouesvle cnoea: mepazepyosas cnekmpockonusi 0 6peMeHHOU obnacmu, meopusi QyHKyuonaia
HAOMHOCTU, MOHO2UOPAIM OPOMOBOL KUCTOMDbI.

Introduction. The terahertz (THz) waves of electromagnetic radiation lie between the microwave and
far-infrared regions, within the frequency range of 0.1 to 10 THz. This frequency range is usually dominated
by various resonances of intermolecular forces, such as hydrogen bonding and van der Waals forces, in crys-
talline solids [1, 2]. These forces guide the aggregation pattern of molecules in crystals. Therefore, one
promising application of terahertz time-domain spectroscopy (THz-TDS) is the investigation of energy inter-
actions in crystals [3].

Over the past few decades, technological advances in the generation and detection of THz radiation
have facilitated various applications of THz-TDS [4-7]. Thus far, THz-TDS has been used in a number of
fields for chemical characterization and biological detection because numerous organic molecules, such as
saccharides and pyrimidine, have distinctive THz spectral fingerprints [8—10]. However, THz spectral inter-



270 ZHENG Zh.et al.

pretation remains a challenging undertaking, the difficulty of which can be alleviated with technological in-
novations. As capabilities for computational complicated increase, investigations of complicated molecular
systems become possible. Among the various theoretical methods, solid-state density functional theory (DFT)
can be used to describe complex intermolecular forces [9, 10]. Therefore, robust spectral studies in the THz
region can provide useful information on molecular interactions in crystalline solids.

Orotic acid monohydrate (vitamin Bi3), the only effective precursor for the biosynthesis of pyrimidine
nucleobases, was determined in 1973 [11]. In recent years, it has been used as a nutritional medicine to im-
prove liver function and to promote the repair of liver cells. To elucidate its biochemical functions, spectral
information on molecular interactions can shed light on biological interactions [9, 12, 13]. Although spectral
analyses of orotic acid have been published [14, 15], to the best of our knowledge, THz spectral studies of
orotic acid monohydrate have not been reported.

Herein, we report the room temperature (RT) THz absorption spectrum of orotic acid monohydrate
within the frequency range of 12-128 cm™'. To determine the contributions of intramolecular interactions,
the absorption spectra of orotic acid monohydrate and its anhydrate were compared. We also applied solid-
state DFT with periodic boundary conditions to characterize the molecular interactions. In summary, exper-
imental and calculated spectral data were collected, spectral peaks were assigned, and the origins of these
peaks were analyzed.

Experimental and theoretical methods. A powder X-ray diffraction (PXRD) experiment was per-
formed at the Analytical Research Facility of Northwestern University. XRD patterns were recorded using
a diffractometer (D/MAX-3C, Rigaku, Japan). Data were collected within the 26 ranges from 5 to 50° using
CuK,, radiation. The XRD data of a previous study [11] were obtained using Mercury software.

The THz spectrum was acquired at Capital Normal University using an in-house THz-TDS system with
a spectral resolution of 2.0 cm™' within the range 12—128 cm™ [16]. In this system, the incident laser was
produced by femtosecond pulses at 800 nm with a pulse width of 50 fs from a Ti:sapphire femtosecond laser
amplifier operating at a repetition rate of 1 kHz. Specifically, the THz pulses were generated by using fun-
damental (800 nm) and second harmonic (400 nm) beams to excite the plasma in dry air. THz temporal sig-
nals were detected with electro-optical sampling [17].

Orotic acid monohydrate (CAS-number: 50887-69-9) was acquired from Xi’an Yobios Biological
Technology Co. Ltd. The sample was analytical grade (>99%) and used without further purification. It was
first crushed into a fine powder using a mortar and pestle to minimize particle scattering. Then, mixture of
orotic acid monohydrate and polytetrafluoroethylene (PTFE) powders in the mass ratio of 1:4 was prepared
and compressed into pellets 1.4 mm thick with a pressure of 600 kg/cm?.

Theoretical calculations of the periodic systems were performed using the plane-wave density function-
al theory (PW-DFT) method within the generalized gradient approximation (GGA) [18]. Kleinman—
Bylander norm conserving pseudopotentials and the Perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional were used [19]. The plane wave cutoff energy was set to 1000 eV. The total energy converged to
10-® eV/atom, and the maximum force between the atoms was less than 10 eV/A. In addition, the I'-point
was used to calculate the vibrational frequencies. The IR intensities of the normal modes were calculated
from the oscillator strength to give the effective charges and the normal mode eigenvectors. The crystal cell
parameters used for orotic acid monohydrate are as follows [11]: space group P-1 (Z=2), a=5.899 A,
b=6929 A, c=9.592 A, a.=74.68°, vy =72.32°, B =68.45°, and V' = 342.206 A>. Figure 1 shows the molec-
ular structure and molecular arrangement of orotic acid monohydrate.
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Fig. 1. The molecular structure (a) and molecular arrangement (b) of orotic acid monohydrate.
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Results and discussion. The purity of the orotic acid monohydrate powder was verified by XRD Prior
to conducting the THz experiments. The results are shown in Fig. 2a. As expected, orotic acid monohydrate
has C; crystal symmetry. Figure 2b shows the 20 positions and the relative peak intensities, which have been
reported [11]. The data obtained in experiment agreed with the previously reported data.
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Fig. 2. Powder XRD pattern of orotic acid monohydrate (a) and previously published XRD (b) [11].

The RT THz absorption spectrum of orotic acid monohydrate is shown in Fig. 3 (label 7). Four distinct
absorption peaks were observed in the frequency range of 12—-128 cm™!, specifically at 83.0, 94.7, 110.2, and
120.0 cm™'. Two relatively strong absorption peaks appeared at 83.0 and 94.7 cm™!, and two medium absorp-
tion peaks were located at 110.2 and 120 cm™'. Hernanz et al. investigated the vibrational spectrum of orotic
acid, and the reported peak at 103 cm ™' was observed in our study [14]. In our previous study, orotic acid
exhibited distinct THz absorption peaks at 88.3, 95.5, 116.7 cm™' and a shoulder peak at 102.5 cm
(label 2) [15]. As shown in Fig. 4, orotic acid monohydrate and its anhydrate clearly did not share the same
absorption features. But the absorption peak at 94.7 cm™! for orotic acid monohydrate was identified in the
envelope of the peak at 95.5 cm™! for orotic acid. Thus, the spectral features of orotic acid monohydrate ob-
tained, except for the one at 94.7 cm™!, originated from intermolecular interactions.
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Fig. 3. The measured THz spectra of orotic acid monohydrate (/) and orotic acid (2).

To facilitate spectral interpretation, simulations were performed using solid-state theory with the unit
cell as the starting point. As full optimization of the geometry reproduces structural parameters at absolute
zero, the frequency values obtained with the fully optimized geometry are generally inadequate for compari-
sons with the RT THz spectrum [10]. Therefore, our calculations were optimized by fixing the unit cell, and
the frequency of each normal mode was calculated using the harmonic approximation with the optimized
geometry. According to the molecular parameters [11], a monohydrate unit cell of orotic acid crystal con-
tains four molecules, including 36 atoms. This structure leads to 108 optical modes: 544,+544,. Of these
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modes, 84 correspond to intramolecular vibrations whereas the remaining 21 (94,+124,) can be attributed to
intermolecular phonons. Vibrational modes with 4, symmetries are only infrared active because the point
group of the unit cell possesses C; symmetry.

Figure 4 shows the calculated results in red solid bars. Four optical modes were obtained within the
range 12-128 cm !, A high quality of fit to the experimental data was obtained with the calculated data. Therefore,
peak assignment was easily made, as shown in Table 1. In detail, the calculated modes at 93.8, 110.4, and
123.4 cm™! corresponded to the observed features at 94.7, 110.2, and 120.0 cm™!, respectively. However, the
calculated mode at 66.4 cm™! did not correspond to any experimental feature. This mode was likely the result
of an overestimation of the system energy by solid-state theory [9].
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Fig. 4. The measured THz spectrum of orotic acid monohydrate is shown in line. Solid bars indicate
the calculated frequencies, and the height represents the relative intensity.

On the basis of these assignments, the feature at 94.7 cm™' was attributed to the out-of-plane bending of
the phenyl and carboxyl groups around the crystal b-axis, the feature at 110.2 cm™' was ascribed to in-plane
optical rotation along the crystal a-axis, and the remaining feature at 120.0 cm™' was determined to arise
from optical rotation along the crystal b-axis. It should be noted that the calculated modes were characterized
by visually inspecting the atomic displacements. Each mode was assigned to its dominant vibrational com-
ponent. Table 1 lists the experimental and calculated spectral data. Discrepancies clearly existed between the
calculated and experimental absorption intensities. These deviations were partly caused by the moderately
rising baseline in the experimental spectrum. Additionally, the larger cutoff energy and appropriate correla-
tion function for the simulations were likely chosen to obtain good correlation between the calculated and
experimental spectral intensities [10, 18]. Moreover, the feature at 83.0 cm™! was not reproduced by this
simulation. Therefore, the simulation conditions of the solid-state theory were sometimes ineffective in accu-
rately predicting the intermolecular forces of crystalline structures [9, 10].

TABLE 1. Experimental Features and Calculated Modes (cm™!) of Orotic Acid Monohydrate
with Molecular Interactions Unchanged and with Water Molecular Interactions Removed

Experiment Calculation
with molecular | with water mo-
THZ-TDS interactions lgcular interac-
unchanged tions removed
66.4 (1.78)" 65.7 (1.36)
83.0 - 83.9 (9.62)
94.7 93.8 (2.68) 99.6 (5.07)
110.2 110.4 (4.80) -
120.0 123.4 (1.59) 124.0 (17.44)

" Intensities (km/mol) are shown in parentheses.
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Because two pairs of orotic acid and water molecules exist in the unit cell, the intermolecular interac-
tions of orotic acid monohydrate may exist in three structural sub-units: orotic acid-orotic acid, water-water,
and water-orotic acid. To determine the structural configuration of these intermolecular interactions, we per-
formed separate simulations with water and orotic acid in the same unit cell with the same space group.
Figure 5 shows the molecular arrangement of orotic acid monohydrate with different molecular interactions
in the unit cell.

Fig. 5. The molecular arrangement of orotic acid monohydrate (a), orotic acid (b),
and water molecules (¢) in the unit cell.
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Fig. 6. The measured THz spectrum of orotic acid monohydrate compared with solid-state simulation results.
Solid bars indicate the calculated frequencies and the height represents the relative intensity.
Red (a): P-1 cell without water molecules; green (b): P-1 cell with orotic acid molecules.

The lowest-frequency vibrational mode of two water molecules was located at 252.7 cm™!, indicating
that the intermolecular forces between water molecules did not contribute to the measured features. Thus,
only the calculated spectra based on the molecular models shown in Figs. 5a and b is shown in Figs. 6a and b
as solid bars. Surprisingly, a calculated mode at 83.9 cm™! was observed in one spectrum (Fig. 6b), indicat-
ing that the experimental peak at 83.0 cm™' primarily originated from the intermolecular interactions be-
tween orotic acid molecules. The optical mode at 110.4 cm™' was absent in the same calculated spectrum
(Fig. 6b), indicating that the intermolecular interactions between orotic acid and water molecules mainly
contributed to the measured feature at 110.2 cm™'. This result suggests that THz-TDS may be used to moni-
tor orotic acid monohydrate in dehydration processes [20]. Moreover, the peak located at 120.0 cm™' was at-
tributed to the interactions between orotic acid molecules from a comparison of the calculated data (Table 1).
The feature at 94.7 cm™! was attributed to a combination of intermolecular and intramolecular forces from a
comparison of the calculated and experimental results and from a previous assignment of the peak
at 95.5 cm™! for orotic acid [15]. These peak assignments indicate that the measured absorptions mostly orig-
inated from the intermolecular forces between orotic acid molecules. Interestingly, the intensity of the two
peaks at 120.0 cm ' and 94.7 cm™! was higher in spectrum (b) than in spectrum (a), indicating that the intra-
and intermolecular interactions of orotic acid molecules were reduced in hydrates.

Conclusions. The THz spectrum of orotic acid monohydrate in the solid state was obtained, and four
distinct peaks were observed within the range 12—-128 cm™'. Peak assignment was performed using the re-
sults of solid-sate DFT calculations. The measured features at 83.0 and 120.0 cm™' primarily resulted from
the interactions between orotic acid molecules. The feature at 94.7 cm™' was attributed to a combination of
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intermolecular and intramolecular forces. The remaining peak, at 110.2 cm™!, was attributed to the interac-
tions between orotic acid and water molecules. This peak can be used to monitor the dehydration of orotic
acid monohydrate in industrial production.
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