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Both pretty low solubility and high membrane permeability of diflunisal (DIF) would affect significantly its oral
bioavailability as a typical non-steroidal anti-inflammatory substance. Meanwhile, pyrazinamide (PZA), known
as one kind of important anti-tuberculosis drugs, has also several certain side effects. These deficiencies affect
the large-scale clinical use of such drugs. Solid-state pharmaceutical co-crystallization is of contemporary interest
since it offers an easy and efficient way to produce prospective materials with tunable improved properties. In the
current work, a novel solid phase drug-drug co-crystal involving DIF and PZA with molar ratio 1:1 was prepared
through the mechanical grinding approach, and vibrational spectroscopic techniques including terahertz time-
domain spectroscopy (THz-TDS) and Raman spectroscopy were performed to identify DIF, PZA and their phar-
maceutical drug-drug co-crystal. The absorption peaks observed in the THz spectra of the co-crystal were at
0.35, 0.65, 1.17, 1.31 and 1.42 THz respectively, which are obviously different from parent materials. Similarly,
Raman spectra could also be used to characterize the difference shown between the co-crystal and parent com-
pounds. Structures and vibrational patterns of three kinds of possible co-crystal theoretical forms (form I, Il and
[II) between DIF and PZA have been simulated by performing density functional theory (DFT) calculations. The-
oretical results and THz/Raman vibrational spectra of DIF-PZA co-crystal show that the DIF links to PZA via the
carboxylic acid-pyridine hetero-synthon association establishing the theoretical form I, which is a much-higher
degree of agreement with experimental results than those of other two co-crystal forms. These results provide
us a unique method for characterizing the composition of co-crystal structures, and also provide a wealth of
drug-drug co-crystal structural information for improving physicochemical properties and pharmacological ac-
tivities of specific drugs at the molecular-level.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

solid-state co-crystallization has made tremendous progress over the
past few decades, because it provides a reliable and also practical meth-

In the pharmaceutical industry, the solubility of a specific drug di-
rectly affects its actual bioavailability in the human body. This is also
an important reason that >70% of active pharmaceutical ingredients
(APIs) could not enter the ultimate market because of their pretty
poor water solubility [1-3]. Modifications of various solid-state forms
by changing the underlying crystalline structures of given APIs are be-
coming a feasible way to improve their corresponding physicochemical
properties [4,5], namely amorphous forms, polymorphs, hydrates/sol-
vates, salts and co-crystals [6,7]. In particular, research on emerging

* Corresponding author.
E-mail address: yongdu@cjlu.edu.cn (Y. Du).

https://doi.org/10.1016/j.saa.2020.118265
1386-1425/© 2018 Elsevier B.V. All rights reserved.

odology to improve the pharmaceutical properties of APIs without mak-
ing and/or breaking any covalent bonds within them, so that the
corresponding bioavailability of co-crystals would be enhanced signifi-
cantly comparing with that shown in either of the starting API species
[8,9]. Typically, the co-crystal represents a unique solid-state form that
is combined by non-covalent interactions between one of specific API
component and another generally recognized as one kind of safe
(GRAS) co-crystal co-formers (CCFs) [10,11]. Among them, multi-API
(API-AP], or also known as drug-drug) co-crystals are potential solid-
state forms for improving the problem of drug fixed combinations
[12,13]. In addition, multi-API co-crystals could improve or even en-
hance specific physicochemical and biopharmaceutical properties of
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API drugs [14,15], so that finally improve long-term drug compliance in
patients with a large amount of drug treatment, reducing the risk of
multiple medication on the body [13,16].

The present work involves the study of solid phase co-crystal forma-
tion between two APIs (diflunisal and pyrazinamide). Diflunsial (abbre-
viated as DIF), being classified as one of class Il drugs in the
biopharmaceutics classification system (BCS) with molecular structure
as shown in Fig. 1a (left), is an important di-fluorphenyl derivative of
salicylic acid [17]. As one of typically used nonsteroidal anti-
inflammatory drugs (NSAIDs), DIF shows pretty low solubility and
also high membrane permeability which would affect significantly its
corresponding oral bioavailability of human body [18], so that DIF has
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shown comparatively less clinical application binding to DNA than
that of aspirin [19]. Pyrazinamide (abbreviated as PZA), as one of typical
first-line anti-tuberculosis (anti-TB) drugs with molecular structure as
shown in Fig. 1a (right), belongs to one of effective TB chemotherapy
drugs recommended by the World Health Organization (WHO)
[20,21]. However, in the previous report, as many as 40% of patients
would appear side effects such as gastrointestinal disturbances, head-
ache and systemic poly-articular pain after taking PZA drug for a long
time, and they needed to take aspirin or other NSAIDs to relieve such
pains [22]. Therefore, it is envisaged that the drug-drug co-
crystallization of PZA-DIF could improve the solubility of DIF while re-
ducing the damage of PZA to the human body. Such multi-API or
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Fig. 1. Molecular structures of DIF, PZA (a), the theoretical PZA-DIF co-crystal form I (b), form II (c) and form III (d).
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drug-drug structural modifications have been good explorations and al-
ternatives for developing such combined-using drugs in the pharma-
ceutical research filed.

In previous literatures, based on the molecular attributes presenting
in the molecules of DIF and PZA, a few number of solid phase co-crystals
between these two APIs with various co-crystal formers (CCFs) have
been reported [23-27], which can be found with 2:1 DIF-
nicotinamide/isonicotinamide [23], 1:1 DIF-theophylline [24], 1:1 PZA-
3-hydroxybenzoic acid [27], 1:1 PZA-p-toluenesulfonic acid/ferulic
acid [26]. Also, the 1:1 PZA-DIF drug-drug co-crystal have been reported
by Evora et al. [25]. They successfully prepared the co-crystal between
DIF and PZA under grinding condition, and analyzed its corresponding
structure using X-ray powder diffraction (PXRD), infrared spectroscopy
(IR), polarized light thermal microscopy (PLTM), and differential scan-
ning calorimetry (DSC), afterwards they found that the pharmacological
effect of co-crystal between DIF and PZA could be almost compatible
with those of two parent drugs, meanwhile the aqueous solubility of
DIF was enhanced efficiently due to such co-crystallization [25]. Al-
though Evora et al. [25] gave a partial introduction to the structure of
DIF-PZA drug-drug co-crystal based on PXRD results, THz and Raman
spectroscopic studies about such compound system at the molecular
level have never been mentioned. In order to get a deeper understand-
ing of the structures and specific hydrogen bonding patterns of co-
crystal between DIF and PZA due to both intra-molecular and inter-
molecular interactions, it is necessary to obtain such information
based on vibrational spectroscopic techniques.

In the past decades, both emerging THz and normal Raman spectros-
copy have been applied to the investigation into molecular structural in-
formation of specific solid-state compounds. THz spectroscopy is
suitable for interrogating collective-molecular motions and detecting
an increased number of vibrational modes shown in low-frequency re-
gion [28]. It is one of powerful tools for detecting vibrational modes, in-
cluding from phonon, rotational and vibrational transitions [29], and is
sensitive to both inter-molecular and intra-molecular interactions
shown within specific crystalline materials [30-32]. Meanwhile, laser
Raman spectroscopy, based on light scattering effect dependent on the
vibrational normal coordinates due to the transition polarizability
changes [32], is totally complementary to infrared and THz vibrational
spectroscopy and allows for a complete description in fundamental vi-
brational motions and also structural changes shown within various
solid-state crystalline polymorphs and co-crystals [33,34].

In this present work, in addition to using Raman/THz vibrational
spectroscopy to characterize the vibrational modes of DIF-PZA solid
phase drug-drug co-crystal and starting parent materials, the density
functional theory (DFT), as a very useful method that could predict
the intra-molecular and inter-molecular vibrational motions giving
rise to the observed vibrational spectra [35,36], is also employed to en-
able the unambiguous assignment of each experimental spectra fea-
tures. Both optimized geometries and vibrational mode assignments
of different kinds of possible theoretical forms shown within the DIF-
PZA drug-drug co-crystal have been proposed and also investigated re-
garding as various intra-molecular and inter-molecular interactions be-
tween DIF and PZA molecules.

2. Experiments and theoretical methods
2.1. Chemicals and sample preparation

Anhydrous solid-state DIF (purity 99%) was acquired by J&K Chemi-
cal Company (Shanghai, China). The sample PZA (purity 99%) was pur-
chased from Sigma-Aldrich Company (Shanghai, China). All compounds
were used as received without additional purification.

The DIF-PZA drug-drug co-crystal was obtained by liquid assisted
grinding method, which is one of commonly used methods in the field
of co-crystal preparation and analysis. At room temperature, the mix-
ture of molar ratio 1:1 stoichiometry of DIF (0.01 mol, ~250 mg) and

PZA (0.01 mol, ~122 mg) was added in 25 ml stainless steel milling
jars. Co-grinding the physical mixture was performed in an oscillatory
ball mill (Mixer Mill MM400, with grinding-time lasting around
60 min and frequency at 15 Hz), and several drops of water (around
0.05 ml) was added to the mixture compounds before starting mechan-
ical grinding in the planetary mill. In order to design a set of control ex-
periment, another physical mixture was obtained by gently mixing two
compounds above with a 1:1 equal-molar ratio in a glass vial by using a
vortex mixer. Approximately 0.25 g DIF, PZA, physical mixture and the
corresponding co-crystal were weighed and they were ground gently
to achieve particles with the mean size of several micrometers in
order to minimize the scattering effects from sample particles during
THz spectral measurements. These samples were respectively prepared
by using a hydraulic compression machine (HANDTAB-100, Ichihashi
Seiki, Kyoto, Japan) with a diameter of about 13.00 mm and a thickness
of around 1.60 mm. The pressure is continuously applied for 30 s at a
constant pressure of around 4.0 MPa to obtain final pellets, and they
are sealed in plastic bags in order to avoid probable deliquescence at
room temperature before further THz spectral measurements. As for
Raman spectral measurements, there is no need for further sample
preparation.

2.2. THz/Raman apparatus and spectral measurements

The treated samples of DIF, PZA, their physical mixture and DIF-PZA
drug-drug co-crystal were then placed in a time domain pulsed THz
spectrometer (Zomega Co. Ltd., New York, NY, USA) to obtain their re-
spective THz spectra. THz wave generation and detection were achieved
through the non-linear optical effects of zinc telluride crystals due to
photoconductive switch [37] and free-space electro-optic sampling
[38], respectively, within a femtosecond laser system based on ampli-
fied Ti: Sapphire oscillator ultrafast laser pulse system with central
wavelength 780 nm, pulse width 100 fs, and repetition frequency
75 MHz (Spectra Physics, Owen, CA, USA). The THz spectral experi-
ments were performed entirely within a dry nitrogen chamber to
avoid pretty strong absorption from water vapor.

Raman spectra of all samples were obtained using Fourier Transform
Raman (FT-Raman) spectrometer (Thermo Nicolet Corporation, Madi-
son, WI, USA) with diode pumped solid-state laser with wavelength
1064 nm as the near-IR source. Raman spectra were acquired over
256 scans at 2.0 cm™ ! resolution with the laser operating power around
150 mW.

2.3. DFT theoretical calculations

The theoretical structures of DIF, PZA and their DIF-PZA drug-drug
co-crystal were optimized at the DFT level using the B3LYP functional
and 6-3114+G (d, p) basis set implemented in the Gaussian’03 pack-
age [39,40]. Due to DIF and PZA owning multiple hydrogen-bonding
sites, three kind of possible theoretical co-crystal forms have been sug-
gested and calculated. DIF-PZA drug-drug co-crystal theoretical form I is
a theoretical binary polymer formed by acid-pyridine hetero-synthon
association under inter-molecular hydrogen bonding (shown in Fig. 1
(b)), while the theoretical co-crystal form II formed by carboxylic
acid-amide association (shown in Fig. 1 (c)). As for the theoretical co-
crystal form III, the hydrogen bonds are formed between carboxylic
acid, and pyridine N and amide (shown in Fig. 1 (d)). Evora et al.?® re-
ported that the form [ was the most reasonable structure of DIF-PZA
drug-drug co-crystal by using PXRD in previous work, so as to better un-
derstand the hydrogen bond motifs and the role of hydrogen bonding in
changing molecular structure of PZA and DIF, we further investigate the
micro-molecular structures and vibrational modes of DIF-PZA drug-
drug co-crystal by combining THz/Raman vibrational spectroscopy re-
sults with DFT calculation. Regarding as the simulated THz/Raman vi-
brational spectra, lorentzian line shapes were convolved into the
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calculated modes using a full-width half-maximum (FWHM) value of
40cm™.

3. Results and discussions

3.1. THz spectral characterization and analysis of DIF-PZA drug-drug co-
crystal

Fig. 2 displays THz absorption features of DIF, PZA, their physical
mixture and corresponding DIF-PZA drug-drug co-crystals prepared
from liquid assisted grinding methods in the recorded spectral range
of 0.2-1.6 THz. It could be clearly seen that both starting materials
show significantly different absorption bands in the recorded frequency
range. The absorption bands of DIF centered at 0.46 and 0.92 THz, PZA
has two broad bands at 0.51, 0.74 THz and a high-intensity band at
1.48 THz respectively, in which all bands are consistent with the previ-
ously reported result from Wang Q. Q. et al. [27]. Meanwhile, the ab-
sorption bands of physical mixture centered at 0.50, 0.74, 0.92 and
1.55 THz, namely just the simple linear-superposition of both involved
starting reactants (DIF and PZA). The spectrum of co-crystals obtained
from liquid assisted grinding methods (as shown in Fig. 3d) present sev-
eral characteristic bands at 0.35, 0.65, 1.17, 1.32 and 1.42 THz respec-
tively those are not observed in the spectrum of their physical
mixture. It is well known that the formation of co-crystallization
would be induced by non-covalent bond interactions between multi-
component molecules such as hydrogen bonding, nonionic, etc. [41].
And, it had also been reported that THz spectroscopy could sensitively
detect the low-frequency vibrational motion of molecular lattices from
previous studies [34,42,43]. So, experimental THz results indicate that
the involved starting reactants, DIF and PZA, form the co-crystal struc-
ture successfully through non-covalent bond interactions, especially
the driving forces of strong inter-molecular hydrogen bonding. Mean-
while in the physical mixture such hydrogen bond and/or other non-
covalent interactions are never involved during the simple physical
mixing process between DIF and PZA.

Comparison between experimental THz spectral result and DFT the-
oretical spectra of three kind of possible theoretical co-crystal forms be-
tween DIF and PZA is shown in Fig. 3. In the THz spectrum, the
molecular vibration effects in the co-crystal cause the generation and
disappearance of characteristic peaks, and these vibration effects are di-
rectly related to different vibration modes, such as stretching, bending,
torsion, scissor and deformation vibrations. As shown in Fig. 3, the
form Il and form III have two characteristic bands respectively, which
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Fig. 2. The THz spectra of DIF (a), PZA (b), physical mixture (c) and PZA-DIF co-crystal
(d) in 0.2-1.6 THz spectral region.
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Fig. 3. Comparison of THz absorption spectra of PZA-DIF co-crystal between theoretical
(form III (a), form II (b) and form I (c)) results and experimental result (d).

differ significantly from bands shown in the experimental THz spectrum
of DIF-PZA drug-drug co-crystal. But the form I have four characteristic
bands at positions of 0.32, 0.65, 1.15, 1.45 THz, which are much highly
closer to the experimental spectral results than those of other two
forms (form Il and form III). It is not difficult to find that the character-
istic bands of theoretical form I has a red-shift and experiment result
have no corresponding characteristic band comparing with theoreti-
cally calculated spectral results at 1.31 THz. The reason for the above in-
consistency between theoretical and experimental results may be that
the THz experimental spectrum is obtained at room temperature but
theoretical simulation is performed at an absolute temperature of abso-
lute zero degree [44]. Moreover, different computing functional and
basis sets may also cause some inconsistency between theory and ex-
periment. According to the above analysis, it could be demonstrated
that the structure being the theoretical co-crystal form I is much more
suitable than other two forms upon drug-drug co-crystallization be-
tween DIF and PZA. This induction is also consistent with the result re-
ported by the Evora et al. [25].

Fig. 4 shows different vibrational modes distribution about the
absorption bands of theoretical co-crystal form I. All of these vibra-
tional modes distribution is described in Table 1. The vibrational
modes distribution at 0.32 THz caused by the torsional vibration of
DIF and PZA (as shown in Fig. 4(a)), which is corresponding to exper-
imental spectrum at 0.35 THz. The 024 = C21-025-H35 of DIF out
plane bending vibration, and PZA torsional vibration make contribu-
tion to the mode distribution at 0.82 THz (as shown in Fig. 4 (b)), and
itis consistent with the experimental spectra feature at 0.87 THz. The
characteristic band at 1.15 THz corresponds to the experimental
spectrum at 1.17 THz, which is caused by in plane bending and
024=C21-025-H35 out plane bending vibration with DIF molecular
and PZA molecular torsion vibration. The characteristic band at 1.45
THz corresponds to the experimental spectrum at 1.42 THz (as
shown in Fig. 4 (c)), which is due to DIF molecular out plane bending
vibration, 024=C21-025-H35 of DIF in plane bending vibration and
PZA in plane bending vibration. As for the THz spectrum, its absorp-
tion mechanism is mainly due to the excitation of low frequency vi-
brational motions in crystalline samples, such as optical rotation and
translation, which could be used to sensitively detect hydrogen
bonding effect between various model molecules [34,43,45]. So, by
comparing experimental THz spectrum result with DFT simulation,
the hydrogen bonding effect between DIF and PZA plays a key role
in changing the individual molecular structure of such two parent
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(c) 1.15 THz

(b) 0.62 THz

(d) 1.45 THz

Fig. 4. Vibrational mode description of co-crystal formed between DIF and PZA at the position of 0.32 (a), 0.62 (b), 1.15 (c) and 1.45 (d) THz.

materials upon their drug-drug co-crystal formation, which makes
the vibrational modes of the PZA-DIF co-crystal different from
those of the starting compounds.

3.2. Raman spectral characterization and analysis of DIF-PZA drug-drug co-
crystal

Fig. 5 displays the experimental Raman vibrational spectra of DIF,
PZA, physical mixture and their co-crystal. As seen from this diagram,
there are several new characteristic peaks and band shifts observed in
the frequency range of 200-1800 cm™ . Here, the Raman spectrum of
DIF is agreement with the polymorph I reported by the previous
Pallipurath's work [46]. As for the Raman spectrum of DIF-PZA drug-
drug co-crystal, several unique characteristic peaks at 244, 1185, 1370,
1406 and 1750 cm ™! respectively are marked with blue rectangular
shadows, while such features could not be found in that of physical mix-
ture and also starting materials. Similarly, in the spectrum of physical
mixture, there is a weak peak at 807 cm ™!, which is mainly contributed
by DIF but disappears within that of DIF-PZA drug-drug co-crystal. In

Table 1
Vibrational mode assignment of the DIF-PZA drug-drug co-crystal shown in the THz
spectrum.

Experimental Theoretical Mode assignment

result calculation

f/THz f/THz

0.35 0.32 DIF molecular torsional vibration; PZA molecular
torsion vibration

0.87 0.82 PZA molecular torsional vibration;
024 = (21-025-H35 out plane bending vibration

117 1.15 DIF in plane bending; 024 = C21-025-H35 out of
plane bending vibration; PZA molecular torsional
vibration

1.42 1.45 PZA in plane bending vibration; DIF molecular out

of plane bending vibration; 024 = €21-025-H35
in plane bending vibration

addition, the position at 458 and 1620 cm™! in the spectrum of the
physical mixture, arising from PZA, are red-shifted to be at 449 and
1612 cm ™! along with the formation of DIF-PZA drug-drug co-crystal
respectively. The differences in these Raman spectra demonstrate that
the drug-drug co-crystal between DIF and PZA has been successfully
formed, whose crystalline phase and structure are totally different
from those of the raw parent materials.

Fig. 6 shows the Raman spectral comparison between experimental
and theoretical (just shown with form [ due to the consistency between
them) results for DIF-PZA drug-drug co-crystal. And the vibrational
mode assignments for Raman characteristic peaks of the co-crystal be-
tween DIF and PZA are completely portrayed in Table 2. It could be
seen that the theoretical simulated spectrum is pretty consistent with
the experimental result. The characteristic peak at 244 cm™! in the

1750

=_..244

C
=449
.- 1185

:>_.._...

=807

AM:WJL

Raman Intensity / a.u.
[$—-- 458

(a) I
042 T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800
Wavenumber / cm’

Fig. 5. Experimental Raman spectra of DIF (a), PZA (b), physical mixture (c), and co-crystal
(d).
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Fig. 6. Comparison of Raman spectra of theoretical form I (a) with experimental result
(b) about co-crystal formed between DIF and PZA.

experimental result, arises from out-of plane bending vibration w(R1)
and torsional vibration 7(C1-F20) in DIF (R1: six-membered benzene
ring) and such structure could be seen in Fig. 7. The feature at position
of 1185 cm™, is caused by out-of-plane bending vibration m(025-

Table 2

H35) in DIF and in-plane bending vibration p(H39-N38-H40), scissoring
vibration 6(H32-C26-C27-H33) in PZA. Meanwhile, the band at
1370 cm™, is generated from in-plane bending vibration p(025-H35),
out-of-plane bending vibration »(024=C21-025) in DIF, and deforma-
tion vibration Def(R3), out-of-plane bending vibration w(C26-H32) in
PZA. While the peak at the position of 1406 cm™' in experimental spec-
tra is caused by in-plane bending vibration p(022-H23, C11-H16, C15-
H18) and out-of-plane bending vibration ®w(C21-025-H35) within DIF,
out-of-plane bending vibration »(C30-H34) in PZA. Another weak
new peak at position 1750 cm~' would appear in the spectrum of
DIF-PZA drug-drug co-crystal, arising from stretching vibration
0(C21=024,C21-025) in DIF, and stretching vibration 6(C36-N38,
C36=037), out-of-plane bending vibration »(C29-C36) in PZA. Simi-
larly, the characteristic band at the position of 1612 cm™!, which had
shown some red-shift relative to physical mixture, is caused by
stretching vibration 6(C21=024,C21-025,C11-C12), in-plane bending
vibration p(025-H35), out-of-plane bending vibration w(C13=022-
H23) and deformation vibration Def(R2) within DIF molecular. From
the vibrational modes assignment of the above characteristic peaks, it
could be inferred that the hydrogen bonding formation in carboxylic
acid-pyridine hetero-synthon association between DIF and PZA plays
an important role in its corresponding co-crystallization process.
These Raman spectral results once again confirmed that the complexa-
tion of the DIF-PZA drug-drug co-crystal, because of the effect of hydro-
gen bonding associations, is the key point to such co-crystal formation,
rather than a simple physical mixture of the two starting parent reac-
tants (DIF and PZA).

Vibrational mode assignment for characteristic bands of the DIF-PZA drug-drug co-crystal between DIF and PZA shown in the Raman spectrum.

Mode Theoretical wavenumber/cm ™' Experimental wavenumber/cm ™! Mode assignment

vy 232 226(vw) P(R3)

V3 250 244(w) ®(R1)7(C1-F20)

V3 293 290(vw) ®(024=C21-025-H35,H40-N38-H39)

V4 336 340(w) ®(024=C21-025-H35,R1)

Vs 381 394(vw) T(R2)®(024=C21-025-H35,C13-022-H23)

Vg 398 415(m) ®(C21-025-H35)T(R1)

V7 422 449(w) p(R2,C13-022-H23,024-C21-025-H35)

Vg 452 468(w) T(R3,C36-N38-H40)

Vo 483 »(C36-037)p(C30-H34,C27-H33)

V1o 512 508(w) 8(H9-C6-C1-F20)

V11 546 540(vw) ®(C13-020-H23)Def(R1)

V12 560 554(vw) T(H18-C15-C14-H17) ®(C13-020-H23,F20-C1=C2-H7)

V13 605 593(w »(H7-C2-C3-H8,C14-H17)

V14 629 629(vw) »(H8-C15-C14-H17,C6-H9)

V15 663 661(m) Def(R3)p(H40-N38-H39)

Vie 718 704(vw) 7(024=C21-025-H35)w(C14-H17)

V17 748 736(s) T(H39-N38-H40,025-H35)w(C11-H16)Def(R1)

V1is 798 786(s) 5(024=C21-025-H35)®(C13-022-H23,C30-H34,)

V1ie 815 Def(R3)®(024=C21-025-H35)p(H39-N38-H40)

Va0 895 880(m) Def(R2)®(024=C21-025-H35)p(C13-022-H23)

Va1 974 967(m) p(C6-HI,C3-H8)w(F20-C1=C2-H7)

Va2 1031 1025(s) p(C30-H34,H39-N38-H40) Def(R3)

Va3 1072 1064(m) p(H17-C14-C15-H18,C11-H16,C6-H9)

Va4 1098 1089(m) 8(H32-C26-C27-H33)w(C30-H34)

Va5 1188 1185(vw) p(H39-N38-H40)5(H32-C26-C27-H33)®(025-H35)

Va6 1212 1224(m) p(C30-H34,C26-H32)w(C27-H33)

Va7 1252 1263(w) T(C21-025-H25)p(C11-H16)w(C26-H32)

Vag 1291 1295(s) p(C30-H34,C27-H33)

Vag 1331 1320(s) Def(R1)p(C27-H33)7(025-H35)®(C13-022-H23)

V30 1380 1370(s) p(025-H35),m(024=C21-025,C26-H32),Def(R3)

V31 1413 1406(vw) p(022-H23,C11-H16,C15-H18)w(C21-025-H35,C30-H34)
V3o 1456 1452(s) ®(N31-C30-H34,C21-025-H35)p(C26-H32)5(H39-N38-H40)
V33 1475 1481(vw) T(024=C21-025-H35) p(C13-022-H23,H32-C26=C27-H33)
V34 1538 1520(m) Def(R1,R2),0(H17-C14-C15-H18,H7-C2-C3-H8)(C13-022-H23)
V35 1592 1582(w) 0(C21=024,C11-C12) »(C13-022-H23)p(025-H35)

V3g 1620 1612(s) 6(C21=024,C21-025,C11-C12)p(025-H35)w(C13=022-H23)Def(R2)
V37 1691 1676(s) 6(C21=024 p(C30-H34,022-H23)5(C21-025-H35)

V3 1758 1750(w) 0(C21=024,C36-N38,(36=037,C21-025)w(C29-C36)

vw—very weak, w—weak, m—medium, s—strong, 6—stretching vibration, p—in plane bending vibration, ®—out of plane bending vibration, T—torsional vibration, —scissoring vibration,

Def—Deformation.
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Fig. 7. Typical bond lengths (unit shown with A) of co-crystal formed between DIF and PZA.

It is known to us, the micro-molecular structural information of co-
crystal between DIF and PZA could be clearly characterized by the char-
acteristic vibrational modes information based on both THz and Raman
spectra. In order to gain a deeper insight into the structural information
of DIF-PZA drug-drug co-crystal, the study of typical bond length
changes upon co-crystallization and its relationship with characteristic
vibrational bands have been carried out in this present work. Combining
with the information of Fig. 7 and Table 3, a strong nonconventional car-
boxylic acid- pyridine C21=024---H34, 025-H35---N31 inter-
molecular hydrogen bond lengths are 2.252 A and 1.769 A, which are
both belong to the category of typical hydrogen bond lengths respec-
tively. Under the action of the above inter-molecular hydrogen bonds,
some typical bond lengths have been changed during the co-
crystallization process. Such as, the bond lengths of C21=024, C21-
025 shown in DIF would be shortened from 1.287, 1.461 to 1.233,
1.326 A respectively upon its drug-drug co-crystallization, which leads
to the characteristic peak at 1750 cm ™', also causes the blue-shifted of
the corresponding co-crystal at position of 1620 cm ™! relative to the
Raman spectrum of physical mixture at position of 1612 cm™!. The
bond length of N31=C30, C30-H34 in PZA are turned from original
1.238, 1.051 A to 1.336, 1.083 A, respectively (as shown in Fig. 7).

Table 3
Change of typical chemical bond lengths between DIF, PZA and their drug-drug co-crystal.

Chemical bond Bond length/A

DIF PZA DIF-PZA co-crystal
C21=024 1.287 - 1.233
C21-025 1.467 - 1.326
025-H35 0.958 - 0.999
C21-C12 1.540 - 1.473
C12-C13 1.540 - 1.415
C13-022 1.430 - 1.339
022-H23 0.960 - 0.984
C13=C14 1.355 - 1.402
N31=C30 - 1.238 1.366
C30-H34 - 1.051 1.083
C36-N38 - 1.353 1.470
C36=037 - 1.217 1.258
C30-C29 - 1.530 1.397
N31-C26 - 1.336 1.461

Other changes of typical bond lengths within co-crystal comparing
with those of starting materials have been listed in detail in Table 3.
The change in length of these chemical bonds may be related to charac-
teristic peaks' shift, appearance and/or disappearance shown in the
above normal Raman and emerging THz vibrational spectra upon phar-
maceutical DIF-PZA drug-drug co-crystallization formation.

4. Conclusion

In the present work, we focus on the investigation of structures and
vibrational modes of solid-state DIF-PZA pharmaceutical drug-drug co-
crystal based on emerging THz and normal Raman spectroscopic tech-
niques. Both vibrational spectra obtained in the measurement region
provide finger-printing spectral information of co-crystal and starting
materials. In order to deeply study the structural information due to
intra-molecular and inter-molecular interactions between DIF and PZA
molecules at molecular level contained in the co-crystal also infer the
structural form it might have, the DFT calculation of three kinds of pos-
sible theoretical co-crystal forms between DIF and PZA were performed.
As indicated by theoretical DFT calculation, the co-crystal formed by car-
boxylic acid-pyridine hetero-synthon (carboxylicesspyridine) associa-
tion under inter-molecular hydrogen bonding is most reasonable
structure. It could be concluded that the interactions of inter-
molecular hydrogen bonding shown in pharmaceutical co-
crystallization could be well demonstrated by using THz and Raman vi-
brational spectroscopy. These results provide theoretical and experi-
mental benchmarks for both structural and vibrational spectroscopic
studies in the emerging pharmaceutical co-crystallization research and
development fields.
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