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TERAHERTZ SPECTROSCOPY AND MOLECULAR MODELING OF BARBITURIC ACID
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The well-resolved terahertz (THz) absorption spectrum of barbituric acid has been investigated using
terahertz time-domain spectroscopy. Four distinct THz spectral features and two shoulder peaks were ob-
served in the range of 10124 cm™'. A complete analysis was performed with density functional theory,
which provided an excellent agreement between solid-state simulation and experiment. The solid-state anal-
ysis indicates that the six experimental spectral features observed at low temperature consist of nine infra-
red-active vibrational modes. Further simulations based on hydrogen-bond isotopologues were performed to
study the involvement of hydrogen bonds in the collective modes. A feature at 118.0 cm™ mainly stems from
the collective vibration of dimer hydrogen bonds (m) while features at 102.0 and 109.6 cm™ primarily come
from the collective vibrations of linear hydrogen bonds (n). The results may be useful for monitoring mo-
lecular reaction in industrial production according to the state of hydrogen bonds.
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hydrogen bond.
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C nomowwto mepazepyosoll CneKmpoCKonuu 80 8pemMenHou ooracmu ucciedosarn cnexkmp Tl y-noeno-
wenus 6apbumyposoii kucromuvl. B ouanazone 10124 cm™! nabniodanuce uemvipe omuemnugvie cnex-
MpanrbHble mepazepyosvle 0COOEHHOCMU U 08a Nieyesblx nuxa. I1oaHbIL aHATU3 8LINOTHEH C NOMOWbIO Meo-
puu QYHKYUOHANA NIOMHOCMU, KOMOPAsi 00ecneyuna co2nacue mexcoy meepoomenbHbiM MOOeTUPOSaHuem
u axcnepumermom. Iloxkazano, ymo wecmv IKCHEPUMEHMATIbHBIX CREKMPATbHBIX 0COOeHHOCmel, Haboa-
eMbIX npu HU3KoU memnepamype, cocmosm uz dessimu UK akmusHvix KonebamenbHvlx M0O. [lanvhetiuee
MOOeNUposarue Ha OCHOBe U30MON08 8000POOHbIX C6A3€ell GLINOIHEHO OISl U3VUeHUs YUACusi 8000POOHbIX
ceazeli 6 konnekmueHvlx mooax. Ocobennocmo npu 118.0 cv™ 6 ocnoenom ceasana ¢ xonnexmusHviM Kose-
banuem 6000poOnbIX cesazeii oumepa (m), 6 mo epems kax npu 102.0 u 109.6 cv™ — ¢ konnexmuenvimu xo-
JNeOAHUSAMU TUHEURBIX 8000POOHbIX ceszell (n). Pesynomamosl mMozym Ovlmb nOie3Hbl Ol MOHUMOPUH2A MO-
JIeKYIAPHOU peakyuu 8 NPOMbIULIEHHOM NPOU3800CEe N0 COCMOAHUIO B00OPOOHBIX CEA3EIL.

Knrouegvie cnosa: mepacepyosas cCheKmpoCcKonusi 60 6peMenHoll 00aacmu, Mooeruposarue, bapoumy-
PO8as KUucioma, meopus yHKYUOHAIA NAOMHOCMU, 8000POOHAS CEA3b.

Introduction. With the advent of ultra-fast pulse lasers and the development of semi-insulating semi-
conductors, there has been significant progress in terahertz (THz) technologies [1]. The rapid development
has allowed researchers to shift their focus to THz applications [2—4]. Because the frequency window is
0.1-10 THz, THz waves have bridged the gap between electronics and photonics. Thus, THz spectroscopy
has been used to probe lattice optical phonon modes and provide spectral information specific to the crystal-
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line lattice [5]. It has recently become widely used in other applications [6—8], such as the identification
of polymorphs in pharmaceuticals [7] and the detection of explosives [§].

However, the observed THz spectral features are only useful if there is a high level of confidence in the
interpretation. The understanding of the features is a crucial point for extracting information on spectral ori-
gins. To date, research has shown that experimental band assignments can be accomplished via density func-
tional theory (DFT) [9-11]. For example, Takahashi et al. used DFT to successfully acquire low-frequency
vibrational information on nicotinamide [10]. By using DFT, observed THz absorption features could pro-
vide precise information of molecular interactions.

Barbituric acid (pyrimidine-2,4,6-trione), an organic compound based on a pyrimidine heterocyclic
skeleton, with the appearance of white crystals, can form a large variety of barbiturate drugs that behave as
central nervous system depressants. It is also one of four ingredients used to make vitamin B,. Vibrational
information on materials may possibly shed light on their biological implications [12, 13]. The infrared (IR)
spectrum of barbituric acid only have been reported [14, 15], but very little is known about its lowest-
frequency vibrational motions, especially molecular interactions in THz region. This is particularly important
for molecular reactions and environmental protection [10].

Here, THz time-domain spectroscopy (THz-TDS) was used to measure the room temperature (RT)
spectrum of barbituric acid over the range of 10-124 cm™!. DFT, a useful method of quantum mechanics
for vibrational analysis, was employed to predict the origins of the experimental features. Based on the good
agreement between the experimental and calculated spectra, a complete vibrational assignment is discussed.
DFT simulations based on hydrogen-bond (N-H---O) isotopologues were also performed to exploit its pre-
cise intermolecular motions.

Experimental and theoretical methods. THz spectrum (10-124 cm™) was acquired using a CIP-TDS
THz-TDS system (Daheng Optics, China) with resolution of 2.0 cm™'. The instrument used a photoconduc-
tive antenna system to generate and detect THz radiation, which was excited by femtosecond pulses at
800 nm, 100 fs from a mode-locked titanium sapphire laser at a repetition rate of 80 MHz. Figure 1 shows
the THz-TDS spectral system.
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Fig. 1. The Terahertz time-domain spectral system.

Barbituric acid (CAS-number: 67-52-7) was acquired from Chengdu Chemical Reagent Co. Ltd. It was
analytical grade (>99%) and used without further purification. The sample was first crushed into a fine pow-
der with a mortar and pestle to minimize particle scattering. Then, it was mixed with polytetrafluoroethene
(PTFE) powder in mass ratios of 1:3 and compressed into 1.3-mm-thick pellets at a pressure of 800 kg/cm?.

Theoretical, calculations for periodic systems were based on plane-wave DFT methods within the gen-
eralized gradient approximation (GGA) [16]. Norm conserving pseudopotentials in the Kleinman-Bylander
form [17] were used, and all calculations employed the Perdew-Burke-Ernzerhof functional [18]. The total
energy converged to 10® eV/atom and the maximum forces between atoms were less than 107 eV/A.
A plane wave cutoff energy of 1200 eV was used. The THz vibrational frequencies were acquired from the
normal mode eigenvalues of the mass-weighted Hessian. The atomic coordinates were optimized with the
fixed unit cell. Specifically, the crystal cell parameters were used for RT P2/c (Z = 4) [19], a = 6.817 A,
b=14310A, c=6.248 A, o, y = 90.0°, B = 118.57°, V = 535.284 A>. Figure 2 shows the molecular struc-
ture and the crystalline arrangement of barbituric acid.
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Fig. 2. The molecular structure (a) and crystal molecular arrangement (b) of barbituric acid.

Results and discussion. RT (295 K) THz spectral features of barbituric acid are shown in Fig. 3. Four
sharp absorption features and two shoulder peaks were observed over the range of 10124 cm™'. Specifically,
the spectrum has four distinct features at 60.0, 82.6, 102.0, and 118.0 cm™!. The highest-intensity feature oc-
curred at 102.0 cm™! with two shoulder peaks located at 91.9 and 109.6 cm™!. The second most intense fea-
ture was at 82.6 cm !, and the two medium-intensity features were located at 60.0 and 118.0 cm™'.

According to its molecular structure, barbituric acid has thirteen atoms with no symmetry. Thus 33 in-
tramolecular vibrational modes of the molecule are expected to be IR active. Because each unit cell contains
four molecules (Z = 4), barbituric acid therefore has a total of 153 optical modes, 132 are intra-molecular
vibrations and 21 (4B,+5A4,+6A4,+6B;) can be attributed to intermolecular phonons. The point group of the
unit cell has Cy;, symmetry, thus optical modes with Au and Bu symmetries are only infrared active.

Isolated-molecule DFT was initially performed to analyze the experimental features. Only one mode lo-
cated at 11.2 cm™' was obtained over the range of 10-124 cm™', in contrast to the observed peaks in the ex-
perimental spectrum. This result indicates that intramolecular motion has no contribution in the experimental
spectrum. It also implies that isolated-molecule theory failed to interpret the molecular system, as also re-
ported elsewhere [6, 11].

Because of the failure of the isolated-molecule simulation, solid-state theory with the unit cell as the
starting point was performed. Figure 4 shows the solid-state simulation result along with the experimental
features. In this case, the calculations exhibited a high degree of fitting. Because three modes were of very
low intensity, six calculated modes were mainly used to analyze the experimental features. Specifically, the
calculated mode at 55.4 cm™! was used to understand the feature at 60.0 cm™!, the mode at 77.7 cm™' corre-
sponded to the observed feature at 82.6 cm™!, the experimental absorption at 91.9 cm™' was assigned to the
calculated mode at 94.3 cm™, and the two calculated modes at 102.0 and 118.0 cm™' were likely responsible
for the two experimental features at 102.6 and 118.1 cm !, respectively. The last remaining calculated mode
at 104.9 cm™! can be used to interpret the shoulder peak at 109.6 cm™!. Table 1 lists the experimental and
calculated THz spectral data. Based on the assignments, the THz experimental spectral features could be
perfectly modeled by the solid-state theory.

Discrepancies remain between the experimental peaks and calculated results. The mode at 65.5 cm™!
was calculated in a region in which no absorption was observed in the experimental spectrum. It may coin-
cide with the modes contributing to the experimental feature at 60.0 cm ™!, or it is possible that the calculated
intensity was overestimated. Furthermore, there are discrepancies between the calculated and experimental
absorption intensities. Calculated spectral intensities may sometimes be improved by a using larger cutoff
energy and an appropriate correlation functional. Table 1 provides the detailed assignments based on the
comparison of the experimental and simulation results. Descriptions of each mode were made by vision in-
spection of the atomic displacements and are based on the most significant contributions to the vibrational
mode character.
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Fig. 3. The measured (1) and experimental (2) THz spectral features
and solid-state calculated result (3) for barbituric acid.

TABLE 1. Experimental Features (cm™') and Calculated Modes for Barbituric Acid

Experimental Calculation

RT PBE Description

60.0 55.4(0.88) Lattice mode (translation)
65.5(0.01) Lattice mode (rotation)

82.6 77.7(0.30) Lattice mode (rotation)
80.4(0.05) Lattice mode (rotation)

91.9 94.3(0.36) Lattice mode (rotation)
96.3(0.02) Interdimer rotation

102.0 102.6(0.88) Interdimer translation

109.6 104.9(0.11) Interdimer translation

118.0 118.1(1.04) Butterfly

N o t e. Infrared intensities (km/mol) are shown in parentheses.

According to the molecular arrangement, one barbituric acid molecule can form four hydrogen bonds
with others [19]. However, two of them are in the same value and purpose. One hydrogen bond (m) with a
length of 2.903 A (N-H---O) is used to link the dimer form, while another () with a length of 2.795 A
(N-H:--0) is used to link neighboring molecules in line. Figure 4 shows the hydrogen bond network of bar-
bituric acid. To study the involvement of two kinds of hydrogen bonds in the collective modes, we used sol-
id-state calculations to simulate hydrogen-bond isotopologues. Specifically, the dimer hydrogen bond (m)
and two types of hydrogen bonds (m, n) were separately simulated, with the isotopic substitution of the bond
from N'*-H'---O'¢ to N'>-D?---O'8, The calculated results are provided in Figs. 5b,c along with the unchan-
ged simulation result in Fig. 5a. The overall isotopic change of N-H---O was made to obtain a clear spectral
shift and to make the contributions of van der Waals forces and hydrogen bonds clear.
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Fig. 4. The image of hydrogen bonds among barbituric acid molecules.
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Fig. 5. The calculated absorption spectra for barbituric acid (a), the dimer hydrogen bond isotopologues (b),
and all hydrogen bonds isotopologues (c).

As shown in Fig. 5, the absorption peaks shift to low frequency as the molecular mass increased [15].
Compared with that shown in Figs. 5a,b, there is a large shift in the last mode, from 118.1 to 114.7 cm™.
However, this peak has only a 0.4 cm™! difference in Fig. 5c. A possible reason is that this mode mainly orig-
inates from the collective vibration of dimer hydrogen bonds (m), compared to that of the small contribution
of the linear hydrogen bond (). Comparison of Figs. 5a,c shows three modes showing big shift, 96.3 cm™!
changes to 93.6, 102.6 cm ™! changes to 97.8 and 104.9 cm™! changes to 100.3 cm™'. The possible explanation
is that these three modes primarily come from collective vibrations of linear hydrogen bond (r). Because the
remaining modes shown in Figs. 5b,c change at the same level, they most likely derive from lattice rotation
and translation. Table 2 gives the calculated data that provide more information for barbituric acid intermo-
lecular interactions and clarify the assignments. Thus, it can be estimated that the feature at 118.0 cm™! main-
ly stems from the collective vibrations of dimer hydrogen bonds (m), while the features at 102.0 and
109.6 cm™' mainly come from collective vibrations of linear hydrogen bonds (n). Further, the peak
at 91.9 cm™! primarily results from the combination of van der Waals forces and hydrogen bond (n). The
remaining features mainly originate from van der Waals forces.

TABLE 2. The Calculated Modes (cm™) for Barbituric Acid and its Isotopologues

Barbituric acid Isotopologues
55.4(2.97) 54.8(2.93) 53.8(2.89)
65.5(0.11) 64.0(0.08) 63.1(0.04)
77.7(3.65) 76.6(3.48) 75.4(3.47)
80.4(0.55) 79.5(0.61) 78.3(0.54)
94.3(4.36) 94.1(4.22) 92.2(0.04)
96.3(0.19) 95.9(0.19) 93.6(3.91)

102.6(10.51) 101.1(0.76) 97.8(9.56)
104.9(0.29) 102.0(10.52) 100.3(1.07)
118.1(12.63) 114.7(8.79) 114.3(9.28)

N o te. Infrared intensities (km/mol) are shown in parentheses.

Conclusions. We have investigated the THz absorption spectrum of barbituric acid using THz-TDS.
Four distinct spectral features located at 60.0, 82.6, 102.0, 118.0 cm™!, and two shoulder peaks lying at 91.9
and 109.6 cm™! have been acquired in the range of 10-124 cm™'. DFT was used to interpret the experimental
features and a nearly realistic description of the experimental THz spectrum was obtained. Peak assignments
implied that all observed features derived from intermolecular forces. Moreover, the involvement of hydro-
gen bonds in collective modes was also investigated using hydrogen-bond isotopologues simulations. The
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solid-state analysis indicated that the feature at 118.0 cm™' mainly stems from the collective vibrations of
dimer hydrogen bonds (), the features at 102.0 and 109.6 cm™' mainly result from collective vibrations of
hydrogen bonds (n), and the peak at 91.9 cm™! primarily results from the combination of van der
Waals forces and the hydrogen bond (n). Overall, these results may be useful for monitoring molecular reac-
tions in industrial production.
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