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Abstract: The pharmaceutical co-crystal has attracted increasing interest due to the improvement of
physicochemical properties of active pharmaceutical ingredients. The characterization of pharmaceu-
tical co-crystal is an integral part of the pharmaceutical field. In this paper, the low-frequency vibra-
tional properties for carbamazepine co-crystals with nicotinamide and saccharin (CBZ-NIC and CBZ-
SAC) have been characterized by combining the THz spectroscopy with low-wavenumber Raman
spectroscopy. The experiment results show that, compared with the individual constituents, CBZ-NIC
and CBZ-SAC co-crystals not only have different characteristic absorption peaks in the 0.3-2.5 THz
region, but also have significant low-wavenumber Raman characteristic peaks in 0–100 cm−1. Density
functional theory was performed to simulate the terahertz and low-wavenumber Raman spectra of
the two co-crystals, where the calculation agreed well with the measured vibrational peak positions.
The vibrational modes of CBZ-NIC and CBZ-SAC co-crystals were assigned through comparing
theoretical results with the experimental spectra. Meanwhile, the low-frequency infrared and/or
Raman active of characteristic peaks for such co-crystals were discussed. The results indicate the
combination of THz spectroscopy and low-wavenumber Raman spectroscopy can provide more com-
prehensive low-frequency vibrational information for pharmaceutical co-crystals, such as collective
vibration and skeleton vibration, which could play an important role in pharmaceutical science.

Keywords: low-frequency vibrational characteristic; low-wavenumber Raman spectroscopy; THz
spectroscopy; pharmaceutical co-crystal

1. Introduction

Carbamazepine (CBZ) is a common psychotropic drug, which is preferred in the
treatment of epilepsy and has had better therapeutic effects in treating trigeminal neuralgia
and bipolar affective disorder. As a typical oral drug, however, CBZ shows low solubility
and limited bioavailability [1,2]. The pharmaceutical co-crystal is an effective approach to
improve CBZ solubility and bioavailability, which form the combination between active
pharmaceutical ingredients (APIs) and co-crystal conformers (CCFs) by hydrogen bonding
or intermolecular interactions [3–6]. CBZ co-crystals show unique physicochemical proper-
ties without altering the chemical nature and bioactivity of CBZ, such as high solubility and
bioavailability [7–10]. In the past, a series of co-crystals between CBZ and various CCFs
have been reported [11,12].

Currently, the basic physicochemical properties of pharmaceutical co-crystals are usu-
ally characterized by powder X-ray diffraction (PXRD), differential scanning calorimetry
(DSC), infrared spectroscopy (IR) and Raman spectroscopy. PXRD, as a common method
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for verifying the formation of co-crystals, can directly obtain structure information about
atoms or molecules inside CBZ co-crystals, but it has no chemistry information [13]. The
DSC method can acquire a range of thermodynamic data, but sample is destroyed dur-
ing analysis [14]. Considering that IR and Raman spectroscopy can probe energy levels
of molecules associated with chemical bonds and provide fingerprint characteristic of
materials [7], they have been widely applied in characterizing vibration and/or rotation
modes of CBZ co-crystals due to their high sensitivity, label-free and non-destructive
characteristics [15]. Currently, the intra-molecular vibrations of the functional groups of
CBZ co-crystals ranging from 200 cm−1 to 1800 cm−1 have been characterized by IR and
traditional Raman spectroscopy techniques. Comparatively, low-frequency vibrational
information plays an essential role in revealing intra-molecular and inter-molecular weak
interactions, which involve the configuration and conformation of molecules associated
with biological activity [16]. Particularly, the low-frequency information can identify the
differences between isomers, which arises from the hydron atom in molecular structure [17].
Therefore, the study of low-frequency vibrational information based on spectroscopy tech-
nique is of importance to biomedicine. However, there are few studies on the low-frequency
information in the 0–200 cm−1 region.

Terahertz (THz) spectroscopy and low-frequency Raman spectroscopy are appealing
methods for the study of low-frequency information due to their nondestructive and label-
free nature. THz spectroscopy can reflect the information of the absorption of the THz
wave by the asymmetrical vibration and/or rotation energy level, the polar group vibration
and/or the rotation energy level of molecules. Thus, THz spectroscopy is sensitive to the
weak intermolecular interactions, environment information and collective vibration in the
molecular level within the samples [6,18]. Although THz spectroscopy has limited resolu-
tion (~7.6 GHz ≈ 25.3 cm−1), it has been used to characterize CBZ co-crystals [5]. It is well
known that the analysis of the assignments of THz characteristic peaks is the major means
to study the vibration and/or rotation information of co-crystals themselves. However, the
specific assignments of THz characteristic peaks still remain unclear. Low-wavenumber
Raman spectroscopy can provide complimentary vibration information in a similar spectral
range, which can characterize scattering of excitation light caused by the symmetrical
vibration and/or rotation energy level, nonpolar groups vibration and/or energy level of
molecules. Considering that low-wavenumber Raman spectroscopy is an efficient tool for
the study of collective translation and deformation of the molecular skeleton inside the
crystal lattice or deformation of the whole unit cell [19–21], it is potentially an effective
method for characterizing the low-frequency vibrational characteristics of CBZ co-crystals.
In particular, the resolution of low-frequency Raman spectrum can reach 2.5 cm−1, which
can obtain more abundant low-frequency vibrational information. Therefore, comprehen-
sive THz and Raman spectroscopy of CBZ co-crystals can obtain richer low-frequency
vibrational information.

In this study, the low-frequency properties of CBZ co-crystals with nicotinamide (NIC)
and saccharin (SAC) were characterized by combining the THz time-domain spectroscopy
(THz-TDS) and low-wavenumber Raman spectroscopy. Compared with the spectra of the
individual constituents of CBZ, NIC and SAC, the CBZ-NIC and CBZ-SAC co-crystals
have significant absorption characteristic peaks in the 0.3–2.5 THz region and Raman
characteristic peaks in the 0–100 cm−1 region. Density functional theory (DFT) was used
to simulate the terahertz and low-wavenumber Raman spectra of the two co-crystals, and
then the assignment of vibrational peaks was performed. Moreover, the low-frequency
infrared and/or Raman active of characteristic peaks for such co-crystals were discussed.
These results show that a combination of the THz spectroscopy and low-wavenumber
Raman spectroscopy can obtain comprehensive absorption and scattering low-frequency
vibrational information of CBZ co-crystals, such as the collective vibration and skeleton
vibration, which has important significance for the further investigation of pharmaceutical
science and other fields.
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2. Materials and Methods
2.1. Materials

Carbamazepine (98%), nicotinamide (99%), saccharin (99%) and polyethylene (grain
size 40–48 µm) were purchased from Sigma-Aldrich (Shanghai, China). The solvent was of
analytical grade. All compounds were used as received without further purification.

CBZ-NIC and CBZ-SAC co-crystals were prepared by the slow solvent evaporation
method according to a previously reported method [22], as shown in Figure 1a. Equimolar
APIs (CBZ, 236 mg, 1 mmol) and CFFs (NIC, 122 mg, 1 mmol or SAC, 183 mg, 1 mmol)
were dissolved in an amount of ethanol (40 mL) and stirred for 3 h. The solution was slowly
evaporated at room temperature and then co-crystals were obtained after several days. As
for the Raman spectroscopy measurement, the powder samples were directly used without
any treatment. For THz spectroscopy measurement, the co-crystals tablet mixed with white
polyethylene was prepared with a mixing ratio of 1:1. As shown in Figure 1b, the mixture
was grinded and then filtrated through a 200-mesh sieve to minimize the scattering effects
from sample particles during spectral measurements. The mixed powder was pressed into
circular tablets around 10 mm diameter and 1.0 mm thickness under 6 MPa pressure for
3 min. Five replicates of each sample were prepared for reproducibility assessment.
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2.2. Apparatus and Procedure

In order to confirm the formation of the co-crystal, CBZ-NIC and CBZ-SAC co-crystals
were identified using PXRD. PXRD patterns of the two co-crystals were recorded with the
Rigaku Smartlab 9 KW diffraction system using a Cu Kα source (λ = 0.15406 nm) over the
2θ range from 20◦ to 70◦. The scanning speed was set to 3◦/s.

Low-wavenumber Raman spectra were measured using a commercial THz-Raman
microscope system, as shown in Figure 1c. This system mainly contains an integrated laser
module compatible (Ondax, Monrovia, CA, USA), a microscope (Leica, Wetzlar, Germany)
and a spectrometer (Horiba, Japan) equipped with a CCD detector cooled to −50 °C
(Syncerity, Horiba, Kyoto, Japan). The integrated laser module compatible comprises of a
stable 785 nm laser as an excitation light source and a series of high-throughput volume
holographic grating (VHG) filters. Briefly, two VHG amplified spontaneous emission (ASE)
filters (NoiseBlockTM, Ondax, Inc., Monrovia, CA, USA) were used to remove ASE from
the laser. The beam was focused on the samples by a 10× objective lens. Then the 180◦

backscattered light from sample was collected and filtered through the VHG beam splitter
towards the two ultra-narrowband VHG notch filters (SureLockTM, Ondax, Inc.), which can
further remove the collected Ralyeigh scattered light [23]. The filtered signal was focused
into a spectrometer within a 1200 grooves/mm grating via a fiber. The Raman scattered
light was detected by a CCD detector. The measurement range was from −200 cm−1 to
2000 cm−1 with a spectral resolution of 2.5 cm−1. Each Raman spectrum was recorded
using 70 mW laser power with 10 s acquisition times. In order to compare the Raman
spectrum with the THz spectrum, the analysis range of the Raman spectrum was chosen
as 0–100 cm−1. The final Raman spectrum of each sample was the averaged result of
five measurements, where the spectrum of each measurement was acquired at different
positions. The experimental temperature was maintained at room temperature during the
whole experiment.

The THz spectrum was obtained using the THz time-domain spectrometer (Advantest
Corp., TAS7500SP, Tokyo, Japan), as shown in Figure 1d. A pair of GaAs photoconductive
antennas as the THz emitter and detector were driven by a femtosecond laser with the center
wavelength of 800 nm. The emitted THz radiation was collimated and focused on samples
by parabolic mirrors. Then, the signal transmitted through the sample was collected by
THz detector. The spectrum was measured from 0.3 to 2.5 THz with a frequency resolution
of 7.6 GHz and dynamic range of 70 dB. All the experimental results were obtained using
transmission mode at room temperatures. The relative humidity was always kept below
3% by purging the drying air during the measurements in order to prevent the effect of
the absorption of atmospheric vapor. The final spectrum of each sample was the average
of five measurements. The time domain signals of each sample and reference (without
sample) were converted to frequency domain signals through the Fourier transform. Then,
the THz spectrum was the result of the sample frequency signal divided by corresponded
reference [24].

2.3. Theoretical Calculation

Quantum chemical computation of theoretical structures was carried out using the
DFT. The initial structures of the CBZ-NIC and CBZ-SAC co-crystals were obtained from
the Cambridge Crystallographic Data Centre (CCDC), as shown in Figure 2. The CCDC
number of CBZ-NIC and CBZ-SAC are 1544195 and 1562073, respectively. The simulated
low-wavenumber Raman and THz spectra of the CBZ-NIC and CBZ-SAC co-crystals were
calculated with the B3LYP functional and 6-311++G (d, p) basis set. Lorentzian line shapes
were convolved into the calculated vibrational modes using a full-width half-maximum
(FWHM) value of 4.0 cm−1 [25,26].
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Figure 2. Molecular structures of the co-crystals. (a) CBZ and NIC; (b) CBZ and SAC.

3. Results and Discussion
3.1. PXRD Analysis

The PXRD patterns for the CBZ-NIC and CBZ-SAC co-crystals with their individual
constituents were shown in Figure 3. It was obvious that there were significant characteristic
diffraction peaks in the 10–35◦ range. The PXRD patterns of CBZ-NIC and CBZ-SAC co-
crystals with their individual constituents were consistent with the literature, which verified
the reliability of our prepared co-crystals [3,5].
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Figure 3. Experimental PXRD patterns of (a) CBZ-NIC and (b) CBZ-SAC co-crystals with their
individual constituents.

3.2. THz Absorption Spectral Characteristic and Analysis of CBZ-NIC and CBZ-SAC Co-Crystals

Figure 4 showed THz spectra of CBZ-NIC and CBZ-SAC co-crystals with their indi-
vidual constituents in the 0.3–2.5 THz region, where the positions of all characteristic peaks
were labeled. It can be seen from Figure 4a that CBZ as an API has three characteristic
peaks at 1.23, 1.82 and 2.04 THz, in which the peaks at 1.23 and 1.82 THz show strong THz
absorption characteristic, while the peak at 2.04 THz is relative weak. The NIC has one very
narrow strong THz absorption peak at 1.06 THz, one strong peak at 1.93 THz and three
weak peaks at 0.60, 1.70 and 2.39 THz, respectively. The THz spectra of CBZ and NIC were
in good agreement with the previous work except an obvious characteristic peak of NIC at
2.39 THz [5]. The SAC exhibits three weak peaks at 1.13, 1.89 and 2.01 THz, as shown in
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Figure 4b. However, the measured spectral properties at 1.89 and 2.01 THz were different
from that in Ref [5], where a broadband characteristic peak at 1.98 THz appeared.
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THz spectra of co-crystals exhibit different characteristics from their individual con-
stituents. From Figure 4a, the CBZ-NIC co-crystal has two strong THz peaks at 1.56 THz
and 1.91 THz, one relatively weak peak at 1.09 THz, and three weak peaks at 0.41, 1.63
and 2.26 THz. Comparatively, the CBZ-SAC co-crystal shows five peaks at 1.04, 1.46,
1.68, 2.22 and 2.35 THz, in which the peaks at 1.04, 1.68 and 2.35 THz exhibit strong THz
absorption characteristics and two weak peaks appear at 1.46 and 2.22 THz, as shown
in Figure 4b. It is obvious that those absorption features of the co-crystal do not derive
from the superposition of THz spectra of their individual constituents. It could be inferred
that the inter-molecular interactions between the CBZ and CCFs result in the structure
change of the unit cells between the raw materials, which can be characterized by THz
spectroscopy [26]. In addition, it should be mentioned that the new THz characteristic
peaks of CBZ-NIC and CBZ-SAC co-crystals were detected compared with the results in
the reference [5]. It may be due to the difference of spectral resolution and measurement
range for experimental systems.

The DFT theoretical spectra of CBZ-NIC and CBZ-SAC co-crystals are shown in
Figure 5. For better comparison, the THz spectra of CBZ-NIC and CBZ-SAC in Figure 4
were depicted again in Figure 5. At the same time, all of these vibrational mode distributions
are presented in Tables 1 and 2. As shown in Figure 5a, the CBZ-NIC co-crystal has five
THz absorption peaks at the positions of 0.32, 0.82, 1.62, 2.07 and 2.56 THz in the theoretical
spectrum, which are essentially in agreement with the experimental result.

The experimental peak at 0.41 THz corresponds to the vibrational mode calculated at
0.32 THz, which arises from CBZ and NIC molecules’ collective twisting vibration. The
experimental peak at 0.63 THz can be attributed to the simulated mode at the position at
0.82 THz, arising from the collective out-of-plane rocking vibration of the CBZ and NIC
molecules. The characteristic peak at 1.56 THz corresponds to the theoretical spectrum at
1.62 THz, which is due to the strong collective out-of-plane rocking vibration of CBZ and
the weak collective in-plane rocking vibration of NIC. The experimental spectral feature at
1.91 THz can be attributed to the calculated vibration mode at 2.07 THz, which is caused
by the NIC molecule’s strong collective twisting vibration and the CBZ molecule’s weak
shearing vibration. The peak at the position 2.26 THz in the experimental result corresponds
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to the calculated mode at 2.56 THz, arising from the strong out-of-plane rocking vibration
of N2-6C=10O and the twisting of C7-16C-17C-19C-21C-30C within CBZ molecules, and
the weak collective in-plane rocking vibration of the NIC molecule.
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Figure 5. Comparison of THz spectra between theoretical and experimental results of the (a) CBZ-NIC
co-crystal and (b) CBZ-SAC co-crystals.

Table 1. Vibrational mode assignment of the CBZ-NIC co-crystal show in THz spectrum.

Experimental Result/THz Calculation Result/THz Vibrational Mode Assignment

0.41 0.32 CBZ and NIC molecule collective twisting vibration

0.63 0.82 collective out-of-plane rocking vibration of the CBZ and NIC molecules

1.09 — —

1.56 1.62 strong collective out-of-plane rocking vibration of CBZ; weak collective
in-plane rocking vibration of NIC

1.91 2.07 strong NIC molecule collective twisting vibration; weak CBZ molecule
shearing vibration

2.26 2.56
strong out-of-plane rocking vibration of N2-6C=10O and twisting of

C7-16C-17C-19C-21C-30C within CBZ molecules, and weak collective
in-plane rocking vibration of NIC molecules

Table 2. Vibrational mode assignment of the CBZ-SAC co-crystal shown in THz spectrum.

Experimental Result/THz Calculation Result/THz Vibrational Mode Assignment

1.04 0.86 collective in-plane shearing vibration of CBZ and SAC molecules

1.46 — —

1.68 1.65 strong bending vibration of CBZ; in-plane rocking vibration of
O2=S1=O3 within the SAC; weak out-of-plane rocking vibration of SAC

2.22 2.00 bending vibration of C45–C36–C34–C32–C31–C22 belonging to
CBZ molecules

2.35 2.50 out-of-plane rocking vibration of N19–21C=O18 and twisting vibration
of C45–C36–C34–C32–C31–C22 of CBZ molecules
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As shown in Figure 5b, the CBZ-SAC co-crystal also has five THz absorption character-
istic peaks at the positions of 0.23, 0.86, 1.65, 2.00 and 2.50 THz in the theoretical spectrum.
The experimental THz peak at 1.04 THz can be attributed to the calculated vibration mode
at 0.86 THz, which is due to the collective in-plane shearing vibration of the CBZ and SAC
molecules. The characteristic peak at 1.68 THz corresponds to the calculated spectrum at
1.65 THz, which is caused by the strong bending vibration of CBZ, the in-plane rocking vi-
bration of O2=S1=O3 within the SAC, and the weak out-of-plane rocking vibration of SAC.
The experimental peak at 2.22 THz corresponds to the theoretical spectrum at 2.00 THz,
which is caused by the bending vibration of C45-C36-C34-C32-C31-C22 belonging to the
CBZ molecule. The experimental spectral feature at 2.35 THz corresponds to the simulated
peak at 2.50 THz, arising from the out-of-plane rocking vibration of N19-21C=O18 and
the twisting vibration of C45-C36-C34-C32-C31-C22 of the CBZ molecule. It is noted that,
comparing the experimental and theoretical spectra of the CBZ-NIC and CBZ-SAC co-
crystals, the relative intensities of absorption peaks are different, and the THz characteristic
peaks shifted a little. This can be attributed to the fact that the theoretical calculation was
performed at an absolute 0 degree temperature, whereas the experimental spectrum was ob-
tained under room temperature [27]. It is demonstrated that THz spectroscopy is sensitive
to the collective molecular vibration, weak molecular vibration and skeleton vibration.

Additionally, the absorption peak of the CBZ-NIC co-crystal at 1.09 THz and the
absorption peak of the CBZ-SAC co-crystal at 1.46 THz in the measured spectra does not
appear in the corresponding theoretical spectra. It might be that the theoretical calculation
is only of a single molecule unit, and ignores intermolecular forces within solid-state
crystalline unit cells [27].

3.3. Low-Wavenumber Raman Spectral Characteristic and Analysis of CBZ-NIC and
CBZ-SAC Co-Crystals

Figure 6 shows the experimental low-wavenumber Raman spectra of CBZ-NIC and
CBZ-SAC co-crystals with their individual constituents, where the position of all character-
istic peaks were labeled. It is obvious that the CBZ molecule has five Raman characteristic
peaks in the 0–100 cm−1 region, which contains one strong peak at 39.6 and 90.4 cm−1,
and three relatively weak peaks at 47.9, 65.3 and 74.0 cm−1. The low-wavenumber Raman
spectrum of NIC has three characteristic peaks at 26.1, 50.5 and 74.8 cm−1, in which the
peak at 26.1 cm−1 exhibits strong and sharp characteristic, the peak at 74.8 cm−1 is relative
weak and the peak at 50.5 cm−1 is very weak, as shown in Figure 6a. From Figure 6b, SAC
shows three strong characteristic peaks at 24.3, 50.1 and 56.9 cm−1, a strong shoulder peak
at 64.7 cm−1, and two weak peaks at 79.4 and 90.7 cm−1. For CBZ-NIC and CBZ-SAC
co-crystals, they exhibit different Raman features from their individual constituents, as
shown in Figure 6a,b, respectively.
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Figure 6. Low-wavenumber Raman spectra of (a) CBZ-NIC and (b) CBZ-SAC co-crystals with their
individual constituents.

The CBZ-NIC co-crystal exhibits three strong Raman characteristic peaks at 23.4, 43.6
and 73.0 cm−1, and two weak intensity peaks at 33.5 and 51.9 cm−1 in the 0–100 cm−1 range.
The CBZ-SAC co-crystal has six peaks, which consists of three strong peaks at 29.2, 50.8
and 76.1 cm-1, one peak at 64.6 cm−1 and a peak at 41.1 cm−1 with a shoulder at 37.1 cm−1.
The results indicate that the CBZ co-crystal is a new compound with hydrogen bonds,
π-π stacking and other inter-molecular interaction between the starting parent materials.
Additionally, the CBZ co-crystal leads to the changes of the molecular structures of CBZ
and CCFs, which can be detected by the low-wavenumber Raman spectroscopy.

A comparison of the theoretical DFT calculation and the experimental Raman spectral
results are shown in Figure 7. The characteristic vibrational peaks of the CBZ-NIC and
CBZ-SAC co-crystals shown in the low-wavenumber Raman spectra are summarized in
detail in Tables 3 and 4, respectively. The CBZ-NIC co-crystal has five low-wavenumber
Raman characteristic peaks at the position of 9.2, 27.4, 53.7, 73.8 and 91.3 cm−1 in the
theoretical spectrum, as shown in Figure 7a. The peak at the position 23.4 cm−1 in the
experimental result corresponds to the peak at 27.4 cm−1 in the theoretical spectrum, which
is caused by the collective out-of-plane rocking vibration of CBZ and NIC molecules.
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results of (a) CBZ-NIC co-crystal and (b) CBZ-SAC co-crystals.

Table 3. Vibrational mode assignment for low-wavenumber Raman characteristic peaks of the
CBZ-NIC co-crystal.

Experimental Result/cm−1 Calculation Result/cm−1 Vibrational Mode Assignment

9.2 collective bending vibration of CBZ and NIC molecules

23.4 27.4 collective out-of-plane rocking vibration of CBZ and NIC molecules

43.6

51.9 53.7 strong collective out-of-plane rocking vibration of CBZ molecules; weak
collective in-plane rocking vibration of NIC

73.0 73.8 bending vibration of C7-16C-17C-19C-21C-30C within CBZ molecules;
weak in-plane rocking vibration of NIC molecules

91.3 twisting vibration of C7-16C-17C-19C-21C-30C belonging to CBZ
molecules; weak in-plane rocking vibration of NIC molecules

Table 4. Vibrational mode assignment for low-wavenumber Raman characteristic peaks of the
CBZ-SAC co-crystal.

Experimental Result/cm−1 Calculation Result/cm−1 Vibrational Mode Assignment

8.7 CBZ and SAC molecules’ collective shearing vibration

21.5 collective out-of-plane rocking vibration of CBZ and SAC molecules

29.2 28.6 collective in-plane shearing vibration of CBZ and SAC molecules

37.1

41.1

50.8 54.2 CBZ molecules’ strong bending vibration; in-plane rocking vibration of O2=S1=O3
of SAC molecules; weak out-of-plane rocking vibration of SAC molecules

64.6 65.5 bending vibration of C45-C36-C34-C32-C31-C22 which belongs to CBZ molecules

76.1

91.1 out-of-plane rocking vibration of N19–21C=O18 twisting vibration of
C45–C36–C34–C32–C31–C22 belonging to CBZ molecules

99.6 out-of-plane rocking vibration of O2=S1=C8 belonging to SAC molecules
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The experimental peak at 51.9 cm−1 can be attributed to the simulated mode at the
position 53.7 cm−1, arising from strong collective out-of-plane rocking vibration of CBZ
molecules, and weak collective in-plane rocking vibration of NIC. The experimental peak
at 73.0 cm−1 corresponds to the calculated the peak at 73.8 cm−1. This peak is due to the
bending vibration of C7-16C-17C-19C-21C-30C within CBZ molecules, and weak in-plane
rocking vibration of NIC molecules.

CBZ-SAC co-crystal has seven low-wavenumber Raman characteristic peaks at the
positions of 8.7, 21.5, 28.6, 54.2, 65.5, 91.1 and 99.6 cm−1 in the theoretical spectrum, as
shown in Figure 7b. The characteristic peak of the CBZ-SAC co-crystal at 29.2 cm−1 in
the experimental result corresponds to the peaks calculated at 28.6 cm−1, which is due to
the collective in-plane shearing vibration of CBZ and SAC molecules. The experimental
spectral feature at 50.8 cm−1 can attributed to the simulated result at 54.2 cm−1, which
arises from a combination of CBZ molecules’ strong bending vibration and the in-plane
rocking vibration of O2=S1=O3 of SAC molecules. The experimental Raman peak at
64.6 cm−1 corresponded to the calculated vibrational mode at 65.5 cm−1 arises from the
bending vibration of C45-C36-C34-C32-C31-C22, which belongs to CBZ molecules. These
results show that the low-wavenumber Raman spectroscopy can characterize the collective
vibration of molecules of different types, weak molecular vibration and molecular skeleton
vibration with low-frequency Raman characteristic.

It should be noted that there is still a significant gap between the experimental and the
calculated results of the two co-crystals. The CBZ-NIC co-crystal characteristic peaks at
9.2 and 91.3 cm−1 and the CBZ-SAC co-crystal peaks at 8.7, 21.5, 91.1 and 99.6 cm−1 in the
theoretical spectra do not appear in the corresponding experimental spectra. Furthermore,
the CBZ-NIC co-crystal peak at 43.6 cm−1 and the CBZ-SAC co-crystal peaks at 37.1, 41.1
and 76.1 cm−1 in the experimental spectra do not match with the corresponding calculated
result spectra. It may be deduced from two reasons. On one hand, the theoretical calculated
results were obtained under the condition of 0 K, whereas the experiment results were
obtained under the room temperature. On the other hand, the calculation modes used here
were based on the single-molecule structure, and inter-molecular forces within solid-state
crystalline unit cell were ignored. Therefore, the structure model should be optimized in
future work.

3.4. Comparison of THz and Low-Wavenumber Raman Characteristic of CBZ-NIC and
CBZ-SAC Co-Crystals

In order to further understand the low-frequency characteristic, we compared the THz
absorption spectra and low-wavenumber Raman spectra of CBZ-NIC and CBZ-SAC co-
crystals, respectively, as shown in Figure 8. For the CBZ-NIC co-crystal, the THz absorption
peak at 0.63 and 1.56 THz coincided with the Raman peaks at 23.4 cm−1 (0.70 THz) and
51.9 cm−1 (1.56 THz), respectively, as shown in Figure 8a. For the CBZ-SAC co-crystal, the
THz absorption peaks at 1.04 THz, 1.46 THz and 2.22 THz correspond to the Raman peaks
at 29.2 cm−1 (0.88 THz), 50.8 cm−1 (1.53 THz) and 64.6 cm−1 (1.94 THz), respectively, as
shown in Figure 8b. (The red line in the figure shows the peaks that can be matched). Here,
a little difference between THz frequency and Raman mode frequency is allowed owing to
the influence of factor group splitting [28,29].
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Comparing Table 1 with Table 3 for CBZ-NIC co-crystal, it is seen that Raman char-
acteristic peak at 23.4 cm−1 and THz absorption peak at 0.63 THz both arise from the
collective out-of-plane rocking vibration of CBZ and NIC molecules; the Raman peak at
51.9 cm−1 and THz absorption peak at 1.56 THz both arise from a combination of the strong
collective out-of-plane rocking vibration of CBZ molecules and the weak in-plane collective
rocking vibration of NIC molecules. These demonstrate that the two characteristic peaks
of CBZ-NIC co-crystals are not only infrared active, but also Raman active. Furthermore,
comparing Table 2 with Table 4 for CBZ-SAC co-crystals, it is obvious that the characteristic
peak at 1.04 THz of the THz spectrum and the peak at 29.2 cm−1 of the Raman spectrum
are both attributed to the collective in-plane shearing vibration of CBZ and SAC molecules.
The Raman peak at 50.8 cm−1 and THz absorption peak at 1.68 THz both come from the
strong bending vibration within CBZ molecules, in-plane rocking vibration of O2=S1=O3 of
SAC molecules, and the weak out-of-plane rocking vibration of SAC molecules. The Raman
characteristic peak at 64.6 cm−1 and the THz absorption peak at 2.22 THz both derive from
the bending vibration of C45-C36-C34-C32-C31-C22 that belongs to CBZ molecules. Thus,
it is concluded that the three characteristic peaks of CB-SAC co-crystal are both infrared
and Raman active.

Moreover, it is seen from Figure 8a,b that the THz absorption peaks of CBZ-NIC
co-crystal at 0.41 THz, 1.09 THz, 1.91 THz and 2.26 THz and the THz absorption peaks
of CBZ-SAC co-crystal at 1.46 THz and 2.35 THz did not appear in their corresponded
Raman spectrum, which had different assignments of vibration modes. It indicates that
these THz characteristic peaks of CBZ-NIC and CBZ-SAC co-crystals only are infrared
active. Similarly, the Raman peaks at 33.5cm−1, 43.6 cm−1 and 73.0 cm−1 of CBZ-NIC
co-crystal and the Raman peaks at 37.1 cm−1, 41.1 cm−1 and 76.1 cm−1 of CBZ-SAC
co-crystal only are Raman active but not infrared active, where no corresponding peak
appeared in the THz spectra. It can be demonstrated that THz absorption spectrum and
low-wavenumber Raman spectrum are complementary to each other in characterizing the
low-frequency characteristic of co-crystal. Therefore, a combination of the THz spectroscopy
and low-wavenumber Raman spectroscopy is able to characterize more comprehensive
low-frequency information both with Raman active and infrared active characteristics, such
as collective vibration, weak molecular vibration and skeleton vibration of co-crystals.
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Particularly, the determination of the infrared and Raman peaks of co-crystal not only
depends on the characteristic peak position of experimental spectra, but also the theoretical
vibrational modes assignment. For the CBZ-NIC co-crystal, although the position of the
THz absorption peaks at 1.09 THz and 2.26 THz are close to the Raman characteristic
peak at 33.5 cm−1 and 73.0 cm−1, respectively, they are not both infrared and Raman
active. Moreover, the THz absorption peak at 2.35 THz of the CBZ-SAC co-crystal does
not coincide with the Raman peak at 76.1 cm−1, though their positions are close. It is
because the vibrational modes assignment of the THz absorption spectra is different from
the low-wavenumber Raman peaks of the co-crystal.

4. Conclusions

In summary, the low-frequency vibrational characteristics of two CBZ co-crystals have
been demonstrated by combining THz absorption spectroscopy and low-wavenumber
Raman spectroscopy. The experimental results show that CBZ-NIC and CBZ-SAC co-
crystals with their individual constituents have significant THz and low-wavenumber
Raman characteristic peaks in the 0.3–2.5 THz and 0–100 cm−1 regions, respectively, which
provide fingerprint spectral information of co-crystal and starting parent materials. The
vibrational mode assignment of THz and Raman peaks has been analyzed using DFT
calculation. The simulation shows a better agreement with the measured vibrational peak
positions. Especially, the low-frequency infrared and/or Raman active of the characteristic
peaks for CBZ-NIC and CBZ-SAC co-crystals were given based on the experimental and
theoretical results. It could be indicated that the combination of THz and low-wavenumber
Raman spectroscopy can characterize richer low-frequency vibrational properties, such
as molecular collective vibration and skeleton vibration. These results provide theoretical
and experimental benchmarks for vibrational spectroscopic studies in many fields. For
example, this technique can be used in the real-time reaction monitoring of crystal form,
phase or structural formations during the formulation of chemicals and polymers.

Author Contributions: Conceptualization, M.G. and Y.W; methodology, M.G..; software, M.G.;
validation, Y.W. and J.Z.; formal analysis, M.G.; investigation, M.G.; resources, D.X.; data curation,
M.G.; writing—original draft preparation, M.G.; writing—review and editing, Y.W.; visualization,
M.G.; supervision, B.W.; project administration, J.Y.; funding acquisition, Y.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
under grant number U1837202, 62175182, and 62011540006.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Albani, F.; Riva, R.; Baruzzi, A. Carbamazepine clinical pharmacology: A review. Pharmacopsychiatry 1995, 28, 235–244. [CrossRef]

[PubMed]
2. Kobayashi, Y.; Ito, S.; Itai, S.; Yamamoto, K. Physicochemical properties and bioavailability of carbamazepine polymorphs and

dihydrate. Int. J. Pharm. 2000, 193, 137–146. [CrossRef]
3. Barmpalexis, P.; Karagianni, A.; Nikolakakis, I.; Kachrimanis, K. Artificial Neural Networks (ANNs) and partial least squares

(PLS) regression in the quantitative analysis of cocrystal formulations by Raman and ATR-FTIR spectroscopy. J. Pharm. Biomed.
Anal. 2018, 158, 214–224. [CrossRef]

4. Roy, S.; Chamberlin, B.; Matzger, A.J. Polymorph discrimination using low wavenumber Raman spectroscopy. Org. Process. Res.
Dev. 2013, 17, 976–980. [CrossRef] [PubMed]

5. Zhou, Q.; Shen, Y.; Li, Y.; Xu, L.; Cai, Y.; Deng, X. Terahertz spectroscopic characterizations and DFT calculations of carbamazepine
cocrystals with nicotinamide, saccharin and fumaric acid. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2020, 236, 118346.
[CrossRef]

6. Yw, A.; Jx, B.; Jq, A.; Jl, A.; Yong, D.A. Structure and spectroscopic characterization of pharmaceutical co-crystal formation
between acetazolamide and 4-hydroxybenzoic acid-ScienceDirect. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2019, 219, 419–426.

7. Wang, Q.; Xue, J.; Hong, Z.; Du, Y. Pharmaceutical cocrystal formation of pyrazinamide with 3-Hydroxybenzoic Acid: A terahertz
and Raman vibrational spectroscopies study. Molecules 2019, 24, 488. [CrossRef]

http://doi.org/10.1055/s-2007-979609
http://www.ncbi.nlm.nih.gov/pubmed/8773289
http://doi.org/10.1016/S0378-5173(99)00315-4
http://doi.org/10.1016/j.jpba.2018.06.004
http://doi.org/10.1021/op400102e
http://www.ncbi.nlm.nih.gov/pubmed/27642248
http://doi.org/10.1016/j.saa.2020.118346
http://doi.org/10.3390/molecules24030488


Sensors 2022, 22, 4053 14 of 14

8. Hickey, M.B.; Peterson, M.L.; Scoppettuolo, L.A.; Morrisette, S.L.; Vetter, A.; Guzmán, H.; Remenar, J.F.; Zhong, Z.; Tawa, M.;
Haley, S. Performance comparison of a co-crystal of carbamazepine with marketed product. Eur. J. Pharm. Biopharm. 2007, 67,
112–119. [CrossRef]

9. Cheney, M.L.; Shan, N.; Healey, E.R.; Hanna, M.; Wojtas, L.; Zaworotko, M.J.; Sava, V.; Song, S.; Sanchez-Ramos, J.R. Effects of
crystal form on solubility and pharmacokinetics: A crystal engineering case study of lamotrigine. Cryst. Growth Des. 2010, 10,
394–405. [CrossRef]

10. Du, Y.; Zhang, H.L.; Xue, J.D.; Tang, W.J.; Fang, H.X.; Zhang, Q.; Li, Y.F.; Hong, Z. Vibrational spectroscopic study of polymorphism
and polymorphic transformation of the anti-viral drug lamivudine. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2015, 137,
1158–1163. [CrossRef]

11. Childs, S.L.; Wood, P.A.; Rodríguez-Hornedo, N.; Reddy, L.S.; Hardcastle, K.I. Analysis of 50 crystal structures containing
carbamazepine using the materials module of mercury CSD. Cryst. Growth Des. 2009, 9, 1869–1888. [CrossRef]

12. Fleischman, S.G.; Kuduva, S.S.; Mcmahon, J.A.; Moulton, B.; Zaworotko, M.J. Crystal engineering of the composition of
pharmaceutical phases: Multiple-component crystalline solids involving carbamazepine. Cryst. Growth Des. 2003, 3, 909–919.
[CrossRef]

13. Qiao, N.; Li, M.; Schlindwein, W.; Malek, N.; Davies, A.; Trappitt, G. Pharmaceutical cocrystals: An overview. Int. J. Pharm. 2011,
419, 1–11. [CrossRef] [PubMed]

14. Callear, S. Preparation, Characterisation and Structural Analysis of Salts and Co-Crystals of Organic Compounds. Ph.D. Thesis,
University of Southampton, Sothampton, UK, 2008.

15. Sun, Y.; Chen, L.; Huang, B.; Chen, K. A Rapid identification method for calamine using near-infrared spectroscopy based on
multi-reference correlation coefficient method and back propagation artificial neural network. Appl. Spectros. 2017, 71, 1447–1456.
[CrossRef]

16. Dampf, S.J.; Korter, T.M. Crystalline molecular standards for low-frequency vibrational spectroscopies. J. Infrared Millim. Terahertz
Waves 2020, 41, 1284–1300. [CrossRef]

17. Chen, W.; Peng, Y.; Jiang, X.; Zhao, J.; Zhao, H.; Zhu, Y. Isomers Identification of 2-hydroxyglutarate acid disodium salt (2HG) by
terahertz time-domain spectroscopy. Sci. Rep. 2017, 7, 12166. [CrossRef]

18. Cai, Q.; Xue, J.; Wang, Q.; Du, Y. Solid-state cocrystal formation between acyclovir and fumaric acid: Terahertz and Raman
vibrational spectroscopic studies. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2017, 186, 29–36. [CrossRef]

19. Brillante, A.; Bilotti, I.; Valle, R.D.; Venuti, E.; Girlando, A. Probing polymorphs of organic semiconductors by lattice phonon
Raman microscopy. Crystengcomm 2008, 10, 937–946. [CrossRef]

20. Heyler, R.A.; Carriere, J.; Havermeyer, F. THz-Raman-Accessing molecular structure with Raman spectroscopy for enhanced
chemical identification, analysis and monitoring. In Proceedings of the SPIE Defense, Security, and Sensing, Baltimore, MD, USA,
29–30 April 2013.

21. Larkin, P.J.; Dabros, M.; Sarsfield, B.; Chan, E.; Carriere, J.T.; Smith, B.C. Polymorph characterization of active pharmaceutical
ingredients (APIs) using low-frequency Raman spectroscopy. Appl. Spectrosc. 2014, 68, 758–776. [CrossRef]

22. Yutani, R.; Haku, R.; Teraoka, R.; Tode, C.; Koide, T.; Kitagawa, S.; Sakane, T.; Fukami, T. Comparative evaluation of the
photostability of carbamazepine polymorphs and cocrystals. Crystals 2019, 9, 553. [CrossRef]

23. Carriere, J.T.A.; Havermeyer, F.; Heyler, R.A. THz-Raman spectroscopy for explosives, chemical and biological detection in
chemical, biological, radiological, nuclear, and explosives. In Proceedings of the SPIE Chemical, Biological, Radiological, Nuclear,
and Explosives Sensing XIV, Baltimore, MD, USA, 30 April–3 May 2013.

24. Wang, Y.; Wang, G.; Xu, D.; Jiang, B.; Ge, M.; Wu, L.; Yang, C.; Mu, N.; Wang, S.; Chang, C.; et al. Terahertz spectroscopic diagnosis
of early blast-induced traumatic brain injury in rats. Biomed. Opt. Express 2020, 11, 4085–4098. [CrossRef] [PubMed]

25. Du, Y.; Fang, H.X.; Zhang, Q.; Zhang, H.L.; Hong, Z. Spectroscopic investigation on cocrystal formation between adenine and
fumaric acid based on infrared and Raman techniques. Spectrochim. Acta Part A-Mol. Biomol. Spectrosc. 2016, 153, 580–585.
[CrossRef] [PubMed]

26. Wu, X.; Wang, Y.; Xue, J.; Liu, J.; Qin, J.; Hong, Z.; Du, Y. Solid phase drug-drug pharmaceutical co-crystal formed between
pyrazinamide and diflunisal: Structural characterization based on terahertz/Raman spectroscopy combining with DFT calculation.
Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2020, 234, 118256. [CrossRef] [PubMed]

27. Zhang, Z.; Cai, Q.; Xue, J.; Qin, J.; Liu, J.; Du, Y. Co-Crystal Formation of antibiotic nitrofurantoin drug and melamine co-former
based on a vibrational spectroscopic study. Pharmacopsychiatry 2019, 11, 56. [CrossRef] [PubMed]

28. Ghosh, P.N. Factor Group Splitting and Multipole Interactions in Molecular Crystals; Spring: New York, NY, USA, 1981; pp. 435–440.
29. Lagaron, J. The factor group splitting phenomenon: A vibrational spectroscopy approach to assess polymer crystallinity and

crystalline density. Macromol. Symp. 2002, 184, 19–36. [CrossRef]

http://doi.org/10.1016/j.ejpb.2006.12.016
http://doi.org/10.1021/cg901010v
http://doi.org/10.1016/j.saa.2014.08.128
http://doi.org/10.1021/cg801056c
http://doi.org/10.1021/cg034035x
http://doi.org/10.1016/j.ijpharm.2011.07.037
http://www.ncbi.nlm.nih.gov/pubmed/21827842
http://doi.org/10.1177/0003702816685569
http://doi.org/10.1007/s10762-020-00725-y
http://doi.org/10.1038/s41598-017-11527-z
http://doi.org/10.1016/j.saa.2017.06.011
http://doi.org/10.1039/b804317e
http://doi.org/10.1366/13-07329
http://doi.org/10.3390/cryst9110553
http://doi.org/10.1364/BOE.395432
http://www.ncbi.nlm.nih.gov/pubmed/32923030
http://doi.org/10.1016/j.saa.2015.09.020
http://www.ncbi.nlm.nih.gov/pubmed/26436846
http://doi.org/10.1016/j.saa.2020.118265
http://www.ncbi.nlm.nih.gov/pubmed/32203686
http://doi.org/10.3390/pharmaceutics11020056
http://www.ncbi.nlm.nih.gov/pubmed/30704026
http://doi.org/10.1002/1521-3900(200208)184:1&lt;19::AID-MASY19&gt;3.0.CO;2-X

	Introduction 
	Materials and Methods 
	Materials 
	Apparatus and Procedure 
	Theoretical Calculation 

	Results and Discussion 
	PXRD Analysis 
	THz Absorption Spectral Characteristic and Analysis of CBZ-NIC and CBZ-SAC Co-Crystals 
	Low-Wavenumber Raman Spectral Characteristic and Analysis of CBZ-NIC and CBZ-SAC Co-Crystals 
	Comparison of THz and Low-Wavenumber Raman Characteristic of CBZ-NIC and CBZ-SAC Co-Crystals 

	Conclusions 
	References

