7 ROYAL SOCIETY
PN OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Terahertz spectroscopic characterization and DFT
e is: ysienacomm 2025 25, CALCULlations of vanillin cocrystals with
2038 hicotinamide and isonicotinamidef

i '.) Check for updates ‘

Jinbo Ouyang, @ *? Xiaohong Xing,® Bo Yang,? Yin Li,*® Li Xu,? Limin Zhou,?
Zongbo Xie @2 and Dandan Han @°

To explore the effects of lattice vibration and molecular interaction on their formation and structure, as
well as their mechanical properties, vanillin cocrystals with nicotinamide and isonicotinamide were
synthesized and characterized by time-domain Terahertz spectroscopy. The lattice vibrations of these
cocrystals, as well as their individual components, were investigated using the dispersion-corrected density
functional theory. The simulated terahertz spectra successfully were highly consistent with their
experimental spectra. Typical intensive modes of vanillin and the cocrystals were discussed in terms of the
motions of hydrogen bonds. The effect of lattice vibration on cocrystal structures was further studied to
gain insights into their thermodynamic stability. Geometrical values of the computationally optimized
structure were calculated using density functional theory at B3LYP/6-31(d.p) to obtain the highest occupied
molecular orbitals and lowest unoccupied molecular orbitals of the cocrystal. The Hirshfeld surface and
the molecular electrostatic potential were explored to study the interactions between the individual
component of the cocrystals. The mechanical properties of the cocrystals were also calculated using
modern quantum chemical methods. This study further highlights the consistency of computational results
with crystallographic values, ensuring that the computational modeling of the cocrystals is equally
important for predicting their stable geometries and applications.
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cocrystal formation, it is also worth noting that vibrational

1. Introduction
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Cocrystallization is one effective crystal engineering method
to modify the crystal structure and properties of
pharmaceuticals, such as solubility, dissolute rate, stability
and mechanical properties.”»* Pharmaceutical cocrystals have
homogenous crystalline structures composed of one active
pharmaceutical ingredient (API) and other coformers
connected through noncovalent bonds in a fixed
stoichiometric ratio.>* In most cases,”” cocrystal formation
relies largely on the intermolecular interaction between API
and coformers, and cocrystals usually have more favorable
stability in terms of potential energy compared to individual
components. Although the contribution from electronic
energy is generally considered to be the driving force for
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energy may play an important role, since it has been revealed
to determine the polymorph stability under certain
circumstances.®

Commercial terahertz (THz) spectroscopy typically deals
with radiation frequencies between 0.1 and 3.0 THz, which
cover part of the far-infrared region of the electromagnetic
spectrum.’ It is mainly used to characterize intermolecular
vibrational modes. Therefore, THz spectroscopy has wide
applications in distinguishing various polymorphs of
pharmaceutical and agricultural samples.’® Computational
modeling helps interpret experimental observations in the
THz vibrational spectrum.'’ Not only is the distribution of
absorption peaks attractive to experimental researchers, but
the thermodynamic effects of lattice vibrations on crystal
stability have also received increasing attention in the
theoretical field."" Some theoretical results show that when
considering lattice vibration energy, the calculated data is
consistent with the experimental results in terms of the
stability of API polymorphism.'*'* However, there have been
few studies investigating how lattice vibrations affect the
stability of cocrystals.

Mechanical properties play an important role in the
manufacturing and performance of pharmaceutical crystals,

This journal is © The Royal Society of Chemistry 2023
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further impacting the tableting process by influencing stress
transmission and ejection force during the molding
process.'® The elastic stiffness tensor provides the link
between an external force and the resultant stress for small
deformations." Using structural data from atomic models to
reliably predict elastic stiffness tensors is attractive and has
been the focus of many studies in the past.">™"” Currently, in
terms of the widely used pseudo-potential/planar wave
implementation of DFT, the most efficient calculation
method for van der Waals interactions is to use paired
additive correction terms, which is referred to as the DFT-D
method.'® And the dispersion corrected DFT calculations
have been widely used to study the structure-property
relationship of molecular compounds, as well as their
compressibility.'*>°

The aim of the current study is to gain insights into the
role of vibrational energy in the cocrystal formation of
vanillin (VAN) with nicotinamide (NIC) and isonicotinamide
(INM) through THz spectroscopy and DFT calculations. NIC
has four polymorphs, and form I is the thermodynamically
stable form. INM has five polymorphs, while form I is more
stable than the other forms under ambient conditions. VAN
has four different forms, and form I is the most stable form.
The thermodynamic stability of the cocrystals was discussed
on the basis of DFT calculations. The intermolecular
interaction between VAN and NIC/INM was explored through
analysis of the Hirshfeld surface, molecular electrostatic
potential (MEP) and HOMOSs/LUMOs. The mechanical
properties of the cocrystals were also calculated and
predicted, and elastic stiffness coefficients such as elastic
Young's modulus (E), Poisson's ratio (v), shear modulus (G),
and linear compressibility (8) were obtained using modern
quantum chemical methods.

2. Experimental
2.1. Materials

Vanillin (VAN, mass purity >98%), nicotinamide (NIC, mass
purity >99%), isonicotinamide (INM, mass purity =99%),
and ethanol (analytical grade purity) were purchased from
Nanchang Jingke Instrument Co., Ltd and used without
further purification. Deionized water was prepared by using a
Millipore-Q system in our laboratory.

2.2. Cocrystal synthesis

The synthesis method has been reported in our previous
article." About 1.07 g of VAN was added into 6 mL of ethanol
with continuous stirring to obtain a transparent solution at
20 °C. Then, about 0.44 g of NIC was slowly added into the
above solution, and after reacting for 10 min, the transparent
solution turned into white turbid slurry and needle-like
crystals. The preparation of VAN-INM was similar to that of
VAN-NIC. About 1.05 g of VAN was added to 5 mL of ethanol
to form a clear solution at 20 °C, followed by the addition of
0.12 g of INM, and flaky crystals were obtained after 24 h
stirring.

This journal is © The Royal Society of Chemistry 2023
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2.3. XRD

PXRD measurements were performed on a Rigaku D/MAX-
2500 diffractometer (Rigaku, Japan) using Cu Ko radiation
(1.54184 A) at 40 kV and 200 mA, and the diffraction data
were obtained in the 20 range of 2-50° with a scanning
rate of 5° min . Single crystal structures were solved
using direct methods and refined on F* through full-
matrix least-squares using the SHELXL-2017 program
package.

2.4. Time-domain THz spectroscopy

A time-domain terahertz spectrometer (Batop THzTDS1008,
Germany) was used to record the THz signals of the samples
at room temperature. The samples were first ground and
then pressed into pellets under 10 tons of pressure by using
a hydraulic press machine, with the pellet thickness ranging
from 1.0 mm to 1.2 mm. Dry air was continuously purged
into the sample chamber before and during THz data
acquisition to reduce the effect of humidity. The time-
domain signals of the samples and reference were recorded
in the presence and absence of the sample pellet,
respectively. The absorption spectra of the samples in the
frequency domain were calculated by the comparison
between the sample and reference signals after FFT
treatment.

2.5. Computational details

2.5.1. Molecular electrostatic potential (MEP). The
structures of VAN, NIC, INM, VAN-NIC and VAN-INM were
optimized using the ORCA program>' at the RI-B3LYP-D3(BJ)/
def2-TZVP level.”>>* The single point energy was calculated
at the RI-wB97M-V/def2-TZVP level*® to obtain the wave
function files, which were then applied to perform MEP
surface analysis using Multiwfn 3.7,>° with the LIBRETA35
code.>*” Visual Molecular Dynamics (VMD)*® was used to
visualize the simulation results.

2.5.2. Hirshfeld surface. The crystallographic information
files (CIF) of VAN, NIC, INM, VAN-NIC and VAN-INM were
inputted to CrystalExplorer to generate the Hirshfeld
2939 The Hirshfeld surfaces were mapped with dporm,
the shape index, and curvedness, respectively. In addition,
the 2D fingerprint plots were generated via the combination
of d. and d; and then filtered by element to quantify the
intermolecular interactions.

2.5.3. HOMOs-LUMOs. A DFT method was used to
optimize the coordinates of the cocrystals, and then
HOMO and LUMO energy calculations were performed
through the Becke-3-Lee-Yang-Parr (B3LYP) functional
with the 6-31+G(d,p) basis set using the GAUSSIAN
software.*®®" The optimized structures and the results
were visualized using GAUSSVIEW without any constraint
on the geometry.

2.5.4. Crystal morphology prediction. The crystal
structures of VAN-NIC and VAN-INM (CCDC 2156730 and
2156728) were used to conduct MD simulations. All the MD

surfaces.
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simulations were conducted with Materials Studio 6.0. The
morphology in a vacuum can be calculated using the
Bravais-Friedel-Donnay-Harker (BFDH) model,** which uses
the crystal lattice and symmetry to generate a list of possible
growth faces and their relative growth rates.>® This method
assumes an inversely proportional relationship between the
growth rate and the interplanar distance, and the crystal
habit depends on the relative growth rates of each crystal
face.

2.5.5. Mechanical properties. The modern quantum
chemical methods and VASP software allow us to get the
components of the stiffness tensor and the related
mechanical characteristics by calculation, without the
necessity for the synthesis of large perfect crystals of all
the studied compounds and acoustic experiments. From
this point of view, the mechanical properties of VAN-NIC
and VAN-INM were calculated using the VASP software.**
Elastic constants are determined by the relationship
between strain and stress, and bulk modulus and shear
modulus are derived from the Voigt-Reuss-Hill averaging
scheme.*>*® These calculations are implemented in the
ELATE code.”

2.5.6. THz spectrum calculation. The initial structures of
VAN-NIC and VAN-INM were both obtained from the
experimental results deposited in the Cambridge
Crystallographic Data Centre (CCDC 2156730 and
2156728)." They were optimized using PBE functional with
PAW pseudopotentials in the VASP package. Grimme-D3
correction®® was used for involving London dispersion
during geometry optimizations. The cutoff energy of the
pseudopotential was set as 900 eV. The convergence
criterion of self-consistent field calculation in the electronic
step was set to 1 x 10°® eV. The k-point sampling in the
Brillouin zone was centered at the /" point with a k-point
spacing of 0.3/2n A™'. Phonon calculations were carried out
at the I" point in the Phonopy code®® based on a finite
displacement method. THz absorption spectra were
generated using the Phonopy-Spectroscopy code’® based on
the frequency and Born effective charge tensor. The
structures and vibrational modes were visualized using the
Xcrysden code.™

2.5.7. Thermodynamic energy calculation. The Helmholtz
free energy of one unit cell at any temperature T is calculated
using a harmonic approximation method via the following
equation:

F(T] = Epot + Fvib (1)
Here, Ep. refers to the electronic potential energy. F,

is the vibrational contribution, which is expressed as
follows:

Fyip, = Ezpp + Fuip(T) (2)
where Ezpr refers to the vibrational energy at 0 K, namely,

zero-point energy:
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where q and j refer to the wave vector and band index,
respectively, 7 is the reduced Planck constant, and wg; refers
to the frequency of a mode labeled by a set [q, j].

Fyip(7T) refers to the temperature-dependent thermal energy,
which is caused by the excitation of vibrational modes:

Fvib(T) = Evib(T) - TSVib(T)

:kBTZ In[1- exp(~tiwg;/ksT)] (4)
qj

Vibrational energy E,(T) and vibrational entropy Syip(T)
can be calculated through the following equations:

. _ haog;
Evlb (T) % exp (flCOqJ/kB T) -1 (5]

1
Sn(T) = 57 > e, coth [hwy;/2ksT) (6)
qj

~ks Y _ In[2sinh [fiog;/2ks T]]
aj

where q and j refer to the wave vector and band index,
respectively. wg; refers to the frequency of a mode labeled by
a set [q, j]. &, kg and T are the reduced Planck constant,
Boltzmann constant and temperature, respectively.

3. Results and discussion

3.1. Crystal structure analysis

Fig. 1 shows the PXRD patterns of VAN, NIC, INM, VAN-NIC
and VAN-INM. We can observe that the characteristic peaks
of VAN-NIC and VAN-INM are significantly different from
those of VAN and NIC/INM, which confirmed the formation

J. INM
o)
VAN-NIC

Relative intensity

2-Theta(°)

Fig. 1 PXRD patterns of vanillin (VAN, form I), nicotinamide (NIC, form
1), isonicotinamide (INM, form 1), vanillin-nicotinamide (VAN-NIC) and
vanillin-isonicotinamide (VAN-INM).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Unit cell structures and 1D packing modes of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM).

of new crystalline phases. The crystal structures of VAN-NIC
and VAN-INM were determined and reported in our previous
research.” Both of them belong to the triclinic system, with
the P1(2) space group. Fig. 2 shows the molecular packing
modes and hydrogen bonds of the unit cell of VAN-NIC and
VAN-INM, respectively. Each asymmetric unit of VAN-NIC
contains one VAN and one NIC, which are connected with
each other through strong hydrogen bonds (O2-H2A:--N1,

N2-H2A---03, and N2-H2B---O1). For VAN-INM, there are
one VAN and one INM in the asymmetric unit, in which the
VAN is connected to INM via strong hydrogen bonds (N2-
H2A---O4 and O1-H1A--'N1). Inside the VAN-NIC crystal
structure, two NIC molecules are connected to two VAN
molecules through hydrogen bonds (N2-H2A:--O3 and N2-
H2B:--01) to form a tetracyclic unit structure, and these units
are linked together by a hydrogen bond (O2-H2A---N1)

)

. (300\).

Fig. 3 Crystal morphologies and molecular packing of the (001) and (100) faces of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide

(VAN-INM).

This journal is © The Royal Society of Chemistry 2023
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involved between NIC molecules to construct a 1D chain
structure. As for VAN-INM, two INM molecules are connected
via a hydrogen bond (N2-H2A---04) to form a homodimer, in
which the VAN molecules are combined at both ends via O1-
H1A---N1, and infinite homodimers construct a 1D chain
structure through weak interactions. The 1D chains were
stacked into a three-dimensional (3D) structure through n--nt
interactions and a weak hydrogen bond (C-H:--0).

The crystal morphology is also investigated to elaborate
the different molecular packing modes of VAN-NIC and
VAN-INM. The VAN-NIC crystals are rod-like, while the VAN-
INM crystals are prismatic. Fig. 3 shows the details of the
experimental morphologies related to the molecular packing
modes of VAN-NIC and VAN-INM. The experimental
morphologies of both cocrystals are compared with the BFDH
prediction. Both images are drawn in the same
crystallographic orientation, with the x axis close to vertical
and the z axis perpendicular to the (001) face. It could be
found that the BFDH predicted morphologies of VAN-NIC
and VAN-INM are similar to the experimental morphologies.
To gain more insights into the effects of molecular packing
on morphology formation, the main crystal faces (001, 100)
are cut, and the molecular groups exposed to these faces are
discussed. For VAN-NIC, there are more hydrogen acceptor/
donor sites available on the (100) face than the (001) face,
which allows the (100) face to grow faster than the (001) face,
with the crystals eventually appearing rod-like. However, in
the case of VAN-INM, the (100) and (001) planes have almost
equivalent hydrogen acceptor/donor sites, which allows
molecules in solution to migrate to both planes at the same
rate, allowing the formation of prismatic crystals.

3.2. Estimation of the mechanical properties

Mechanical properties refer to the mechanical behavior of a
solid under external stress and are one of the essential
properties of molecular crystals.*> The mechanical
coefficients including elastic Young's modulus (E), Poisson's
ratio (v), shear modulus (G) and linear compressibility () of
cocrystals were determined. Table 1 shows the elastic moduli
of VAN-NIC and VAN-INM, and it can be seen that the
anisotropy ratios for VAN-INM exceed those for VAN-NIC by
2-3 times in terms of Young's modulus and shear modulus.
Besides, the maximum values of Young's and shear moduli
for VAN-INM are higher, and the minimum values are lower,

View Article Online
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compared to those for VAN-NIC. The average properties of
the two cocrystals are provided in Table S1-S4 of the ESLf
However, as to linear compressibility, the anisotropy ratio for
VAN-NIC is about 3.5 times higher than that for VAN-INM.
These results verify the larger flexibility of VAN-INM, and
VAN-INM shows the elastic bending first and then the plastic
strain when increasing the applied stress.** Unlike VAN-INM,
VAN-NIC is extremely brittle and fragile but easily
compressed.

Molecular fragments are bound into the 2D layer by
relatively strong hydrogen bonds and form a 3D structure
through weaker van der Waals interactions between the
layers, which actually dictates the mechanical properties of
many molecular crystals.** This work discusses how the
layered structures of the crystals correlate with the directions
of the Eni, and E,. values of Young's modulus.
Undoubtedly, the common feature of VAN-NIC and VAN-
INM is that the direction of Young's modulus maximum Ejax
is almost parallel to the layers (Fig. 4). The layer structure is
caused by the rigidity of the planar hydrogen bonds (~2.90 A
and ~2.94 A) for VAN-NIC and VAN-INM, respectively. The
calculation results show that the values of Young's modulus
along the directions parallel to the layers are greater than in
all other directions, about 20 GPa for VAN-NIC and VAN-
INM. The minimum values of Young's modulus, Ey;,, for
VAN-NIC and VAN-INM are oriented at an angle to the
planes of molecular layers and have lower values than 10
GPa. It is estimated that the shift of molecular fragments is
hindered within the layers under external stress and is
assisted at an angle to them.*’

3.3. Experimental THz spectra

Fig. 5 shows the THz absorption spectra of VAN, NIC, INM,
VAN-NIC and VAN-INM at room temperature. The
characteristic peaks are marked with their frequencies. It can
be found that VAN exhibits one absorption peak at 0.61 THz,
while NIC and INM show absorption peaks at 1.125 and 1.94
THz and 1.49 and 1.87 THz, respectively. VAN was reported to
have four polymorphs, among which monoclinic form I is
the most stable one.”® Our VAN spectrum shows
characterized peaks at 0.61, 1.10 and 1.17 THz, which is
generally consistent with the observations by Chen and
coworkers.”” Under our conditions, the curve shape becomes
less clear when the frequency is above 1.25 THz. Fig. 5 also

Table 1 Comparison of the calculated data of the elastic moduli for vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM)

Linear
Young's modulus, compressibility, Shear modulus,
GPa TPa™* GPa Poisson's ratio
Emin Emax ﬂmin ,Bmax Gmin Gmax Vmin Vmax
The modulus value VAN-NIC 5.4726 27.291 2.1887 59.227 1.911 13.12 —-0.6335 1.3384
VAN-INM 2.9336 38.161 9.7875 69.616 0.9940 13.705 -1.0638 1.7048
Modulus anisotropy ratio VAN-NIC 4.987 27.060 6.866 0
VAN-INM 13.01 7.1127 13.79 0

2042 | CrystEngComm, 2023, 25, 2038-2051
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shows that the THz spectra of VAN-NIC (1.06 and 1.41 THz)
and VAN-INM (1.45 and 1.62 THz) exhibit different features
from their individual constituents. We can conclude that
these features do not come from the superposition of the
terahertz spectra of their respective components. This
difference in the THz spectra provides important evidence for
changes in the molecular arrangement after cocrystallization,
which is confirmed by PXRD analysis and the crystal
structure.

3.4. Calculated THz spectra

Fig. 6 shows the calculated THz spectra of VAN-NIC and
VAN-INM, and the vibrational modes are broadened using a
Gaussian peak with a FWHM of about 0.1 THz. For VAN-NIC,
DFT-FC calculation (Fig. 6a) suggests the absorption taking
place at 1.29 and 1.65 THz. In the case of DFT-VC calculation
(Fig. 6b), the absorption peaks appear at 1.27 and 1.67 THz,
respectively. This good consistency originates from the very
close volume of the unit cell after geometry optimization

Wavenumber (cm™)
10 20 30 40 50 60
T Ll T

1
VAN,
NIC |
i VAA\';A\'K‘

—t
1
gL
[
[
[
[
[
(1|
[
[
|

I
=== :

Relative absorption Intensity (a.u.)
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A0 0

VAN-INM Sl

Fig. 4 3D spatial dependences of Young's moduli (GPa) for vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM).

‘0

(Table 2). It should be noted that the experimental geometry
of VAN-NIC was determined at 150 K, indicating that there
is no significant anharmonicity for it at temperatures ranging
from 0 to 150 K. Both two DFT calculations are close to the
features in the experimental spectrum (1.06 and 1.41 THz)
except for some blue shifts. It is because the measurements
were carried out at room temperature, where the effect of
anharmonicity is obvious.

Fig. 6¢ and d display the calculated THz spectra of VAN-
INM obtained by DFT-FC and DFT-VC calculations,
respectively. The DFT-FC calculation suggests three
absorption peaks located at 1.32, 1.55 and 1.83 THz in the
spectral range, while the DFT-VC calculation suggests only
two absorption peaks located at 1.50 and 1.75 THz. The
optimized geometries obtained by these two calculations
have a relatively large deviation in the volume of the unit
cell (Table 2). The volume of the unit cell shrinks
remarkably if the constraint of cell parameters is
eliminated. This is because the experimental geometry of
the VAN-INM cocrystal was determined at 296 K in which

Wavenumber (cm™)
10 20 30 40 50 60
T T T T
VANI!

]
|
——1INM, :
VANJINM |
|
|
|
|
1

Relative absorption Intensity (a.u.)

1 1
0.25 0.50 0.75 100 1.25 1.50 175 2.00
Frequency (THz)

0.25 0.50 0.75 1.00 125 1.50 175 2.00
Frequency (THz)

Fig. 5 Experimental THz absorption spectra of vanillin (VAN), nicotinamide (NIC), isonicotinamide (INM), vanillin-nicotinamide (VAN-NIC) and

vanillin-isonicotinamide (VAN-INM).
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Fig. 6 Experimental and calculated THz absorption spectra of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM).

the anharmonicity is significant." Theoretically, the
calculated frequency of these vibrational modes should
match well with the positions of the absorption peaks
observed at room temperature. The presence of a blue
shift shown in Fig. 6c suggests that there is intrinsic
anharmonicity of these modes, for which the harmonic
approximation theory cannot handle.

It is interesting to study features of the vibrational
modes corresponding to the absorption peaks in the THz
spectra. In Fig. 7, we present the drawings of these modes
obtained in DFT-FC calculations together with their
frequencies. For VAN-NIC, the modes at 1.29 THz and
1.65 THz share some commons. For example, in both
modes, the distortions of hydrogen bonds formed between
VAN and NIC molecules are mainly triggered by the
motion of the carboxamide group of the NIC molecule,
while the related oxygen atoms of the VAN molecule
almost stand still. The motions of the pyridine ring of the
NIC molecule and the benzene ring of the VAN molecule
for both modes are obviously different. For the mode at

1.29 THz, the atoms in both rings move out of the ring
planes, resulting in the translation or rotation of the
rings. For the mode at 1.65 THz, these atoms move in
the ring planes, giving rise to distortions.

For VAN-INM, the mode at 1.32 THz (Fig. 7c) mainly
involves the out-of-plane rotations of VAN and INM molecules
on their own axes. It can be seen that the hydrogen bond
formed between the hydroxyl group of the VAN molecule and
the nitrogen atom in the pyridine ring of the INM molecule
doesn't distort intensively because all these groups or atoms
move almost in the same direction. Similar situation can be
found for the hydrogen bonds formed between the carbonyl
group of the VAN molecule and the amide group of the INM
molecule. For the mode at 1.55 THz (Fig. 7d), the former
hydrogen bonds show translational motion, rotation and
distoration, but the latter ones are mainly distorted within
carbonyl groups of the VAN molecules. For the mode at 1.83
THz (Fig. 7e), in-plane rotations of VAN and INM molecules
can be clearly recognized, resulting in distortions of both
kinds of hydrogen bonds.

Table 2 The parameters of experimental and optimized unit cells of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM)

a(d) b (A) c(A) (%) B(°) 7 () v (A7) AV

VAN-NIC Expt 4.905 8.598 15.510 98.22 92.49 95.03 643.813 —
DFT-VC 4.885 8.585 15.514 98.24 91.94 95.02 640.741 -0.48%

VAN-INM Expt 7.909 8.305 11.521 91.43 94.31 115.37 680.460 —
DFT-VC 8.033 8.268 11.030 91.70 92.07 117.31 649.647 -4.53%
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Fig. 7 Drawings of vibrational modes in the THz range of vanillin-nicotinamide (VAN-NIC, a-1.29 THz, b-1.65 THz) and vanillin-isonicotinamide
(VAN-INM, c-1.32 THz, d-1.55 THz, e-1.83 THz) (the green arrows in each mode represent the directions and amplitudes of the atomic movement).

3.5. Hirshfeld surface analysis

The Hirshfeld surface is used to define the space
occupied by different parts of a molecule in a crystal and
is designed to divide electron density into molecular
fragments.”® Hirshfeld surfaces with different types of
intermolecular interactions can be identified by color
coding the closest atomic distance from the surface to the

This journal is © The Royal Society of Chemistry 2023

outside (or inside) of the surface. Fig. 8 shows the
Hirshfeld surfaces of VAN-NIC, VAN-INM in the d,om
range of -0.5 to 1.5 A, and the curvature mapping and
shape-index mapping Hirshfeld surfaces were also
provided. The Hirshfeld surface of VAN was presented in
a transparent mode in order to observe the interactions
with adjacent molecules. The three bright red regions
(dnorm less than the sum of vdW radii) displayed on the
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(a)

(b) ()

Fig. 8 Hirshfeld surface of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM): (a) d,,orm Mmapping, (b) curvature mapping, and

(c) shape-index mapping.

Hirshfeld surface of VAN-NIC represented the three
intermolecular interactions, which belong to the hydrogen
bonds (N2-H2A:--O3 and N2-H2B:--O1) formed between
the VAN and NIC quaternion ring and hydrogen bond
(02-H2A'--N1) involved between the NIC molecules. There
are also three bright red regions on the Hirshfeld surface
of VAN-INM, with two left sides and one right side, which

belong to two strong hydrogen bonds (N2-H2A-:-04)
formed between the INM-INM homodimers and one
hydrogen bond (O1-H1A:--N1) between VAN and INM. In
addition, the light red and white spots (dnorm slightly less
than and equal to the sum of vdW radii, respectively)
were caused by weak C-H:--O hydrogen bonds involved in
the 2D layer packing within the VAN-NIC and VAN-INM

VAN-NIC.;

19|
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U6 U8 TU T2 T4 T6 T8 20 T
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Fig. 9 2D fingerprint plots of the Hirshfeld surface area and various intermolecular contacts within vanillin-nicotinamide (VAN-NIC) and vanillin-

isonicotinamide (VAN-INM).
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Fig. 10 Molecular electrostatic potential surface of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM).

crystal structures. The largest blue regions (dnorm greater
than the sum of vdW radii) correspond to the subtle
H---H interactions in the crystal.

Fig. 9 shows the 2D fingerprint plots of VAN-NIC and
VAN-INM, which were used to quantitatively analyze the
close contact of specific atom pairs. The results showed that
the H---H interaction occupied the main part of the 2D
fingerprint plots and contributed the most to all interactions
in the proportion of 34 and 40% for VAN-NIC and VAN-INM,
respectively. In addition, the interactions contributed by
conventional hydrogen bonds N-H---O and O-H'-N
accounted for 40% and 35% of the total interactions for
VAN-NIC and VAN-INM, and these two conventional
hydrogen bonds showed two sharp spikes in the 2D
fingerprint plots, where the upper left spike (d; < d.)
corresponded to the points on the Hirshfeld surface around
the hydrogen bond donor and the lower right spike (d; > d.)
corresponded to the points on the Hirshfeld surface around
the hydrogen-bond acceptor. Weak interactions such as C---H
occupied about 16% and 10% of the total interactions, while
other interactions such as n-r interaction and Van der Waals
forces accounted for 10% and 15% for VAN-NIC and VAN-
INM, respectively.

3.6. Molecular electrostatic potential (MEP) analysis

It is well known that molecules always approach each other
in the way of molecular electrostatic potential
complementation.>” Therefore, by calculating the electrostatic
potential on the surface of molecules, it is possible to analyze
and predict the nucleophilic and electrophilic points of
molecules and the non-covalent interactions between
molecules. Fig. 10 shows the MEP of VAN, NIC, INM, VAN-

This journal is © The Royal Society of Chemistry 2023

NIC, VAN-INM, where the red regions represent the positive
potential of electrophilic sites, and blue regions refer to
negative potential of nucleophilic sites. The maximum and
minimum values of the local electrostatic potential on the
MEP surface are represented by orange and cyan spheres,
respectively. According to the crystal structures of VAN-NIC
and VAN-INM, there was one type of hydrogen bond donor
of VAN (O-H), which has the highest local electrostatic
potential (+4.21 kcal mol™) and favors the formation of
hydrogen bonds between VAN and NIC (N2 of the benzene
ring, -37.5 keal mol™") and INM (N2 of benzene ring, —35.6
kcal mol™) molecules, respectively. There were two types of
hydrogen bond donors of NIC (N2-H2A, N2-H2B), which
possess two highest electrostatic potentials (+40.42 keal
mol ™, +51.19 kcal mol™) and contribute to the formation of
N2-H2B---O1 and N2-H2A---O3 with NIC itself (01, -40.36
keal mol™) and VAN (03, -40.16 kcal mol™), respectively. For
INM, there was one type of hydrogen bond donor (N2-H2,
+51.57 kecal mol™) and acceptor (01, -37.31 kcal mol™),
which formed hydrogen bonds N2-H2:--O4 and N1---H1-O1
between INM itself and VAN, respectively. According to the
MEP of the VAN-NIC and VAN-INM molecular pairs, the
highest electrostatic potential part (O-H, +4.21 keal mol™) of
VAN is combined with the lowest electrostatic potential part
(C=0, -40.36 kcal mol™) of NIC and the second lowest
electrostatic potential part (N of the benzene ring, —-35.6 kcal
mol™) of INM. It is obviously that the computationally
predicted molecular binding mode differs slightly from that
determined by the SCXRD analysis, in which VAN is
combined with NIC via an OH--‘N hydrogen bond. The
possible reason is that the positive potential of the amine
group of NIC hinders the binding of nearby carbonyl oxygen
(negative potential) to the hydroxyl group of VAN (positive

CrystEngComm, 2023, 25, 2038-2051 | 2047
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Fig. 11 HOMO and LUMO energy gap of vanillin-nicotinamide (VAN-NIC) and vanillin-isonicotinamide (VAN-INM).

potential) during the co-crystallization process. Furthermore,
VAN-NIC was formed via solution crystallization, and the
solvent can influence the binding modes between VAN and
NIC. However, we ignored the solvent effect during MEP
calculation and analysis, and this is why the theoretical result
is a little different from the SCXRD data.

3.7. HOMO-LUMO analysis

The frontier molecular orbital provides theoretical insights
into understanding the chemical stability, reactivity, and
interactions between the given molecules. We use DFT
(B3LYP/6-31(d,p) level) to calculate the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) of VAN-NIC and VAN-INM,
which are shown in Fig. 11. For VAN-NIC, the HOMO
electrons are mainly located on the amino moiety that acts as
a hydrogen bond donor (N-H), while the LUMOs extended
along the carbonyl skeleton act as a hydrogen bond acceptor
(0). The observed hydrogen bonding interactions between
amino and carbonyl resulting in electron transfer may have

influenced the bond angles and lengths. The HOMO-LUMO
gap (AEgap = Enomo - Frumo) describes the polarizability and
reactivity of molecules, and it predicts the reactivity between
species by providing the electrical transport properties as well
as electron carrier mobility in molecules.”” VAN-NIC and
VAN-INM were characterized by energy gaps AEg,, of 0.133
eV and 0.135 eV, indicating that the two cocrystals have
similar polarizability and reactivity.

3.8. Thermodynamic analysis

To gain more insights into the cocrystallization mechanism
of VAN-NIC and VAN-INM, the thermodynamic stability of
these two cocrystals relative to their individual components
was discussed on the basis of energy calculations. Our
previous work® has demonstrated that in addition to the
enthalpy contribution, the entropy contribution from lattice
vibrations has also been shown to be an important factor in
controlling cocrystal stability. Therefore, when discussing the
thermodynamics of these cocrystal formations, we considered
electronic energy (Ee) and vibrational energies, including

Table 3 Thermodynamic energies of vanillin (VAN), nicotinamide (NIC), isonicotinamide (INM), vanillin-nicotinamide (VAN-NIC) and vanillin-

isonicotinamide (VAN-INM) (per molecule)

Eejec Eejec t Ezpg Eelec + Ezpp t ETg Eejec Eejec + Ezpg Eejec + Ezpg + ETE
Sample FC method (k] mol™) VC method (k] mol™)
VAN -11814.03 -11435.29 -11465.65 -11814.03 -11435.28 -11465.61
NIC -9725.03 -9423.26 —9447.45 -9727.03 -9424.82 -9448.12
INM -9723.49 -9421.75 —9445.34 -9730.10 —9427.89 -9451.39
VAN-NIC -10775.62 -10436.46 -10463.83 -10775.68 -10436.43 -10463.56
VAN-INM -10774.16 -10435.411 -10460.62 -10775.54 -10435.76 -10462.82
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Table 4 Energy differences of vanillin-nicotinamide (VAN-NIC) and
vanillin-isonicotinamide (VAN-INM) relative to their individual components

Energy/molecule VAN-NIC VAN-INM
(k] mol™) FC vC FC vC

Eeec -6.09 -5.15 -5.40 -3.48
Eclec + Ezp -7.18 -6.38 ~6.89 -4.17
Eelec + Ezpe + Erg ~7.29 -6.69 -5.13 -4.32

zero-point energy (Ezpg) and thermal energy (Erg) calculated
at 300 K. Table 3 shows the thermodynamic energies of all
the crystals. We studied the energies of cocrystals with
respect to their individual components, and the results are
summarized in Table 4.

Not surprisingly, both DFT calculations suggest that the
VAN-NIC and VAN-INM cocrystals are more
thermodynamically favorable compared to their individual
components in the crystal form in terms of their electronic
energy. For VAN-NIC, the inclusion of vibrational energies
favors its cocrystal formation as revealed by both DFT-FC and
DFT-VC calculations. For VAN-INM, the DFT-FC calculation
indicates that E,pr favors the cocrystal formation while Erg
disfavors it. The total effect of vibrational energy is to slightly
lower the stability of the VAN-INM cocrystal. But the DFT-VC
calculation suggests that both Ezpg and Erg are beneficial to
cocrystal formation. In general, VAN-NIC is always more
stable than VAN-INM. The inclusion of vibrational energies
including Ezpg and Erg doesn't change their energy ranking
but enlarges their difference.

4. Conclusions

Cocrystals of vanillin with nicotinamide and isonicotinamide
were successfully prepared, and the vanillin-nicotinamide
crystal shows a tetracyclic unit structure, while vanillin-
isonicotinamide forms a homodimer unit within the lattice.
The BFDH model successfully predicted the morphology of
vanillin-nicotinamide and vanillin-isonicotinamide. The
mechanical properties calculated using the VASP software
show that the mechanical difference between vanillin-
nicotinamide and vanillin-isonicotinamide originates from
molecular packing and interaction. We have also simulated
terahertz spectra via DFT calculation on the basis of fixed
and variable cells, respectively. Both calculations predicted
the observed characteristics in the THz spectra of vanillin-
nicotinamide and vanillin-isonicotinamide, and DFT with
the fixed cell shows a better agreement in terms of the
vibrational peak position. Analysis on the most intensive
modes of the vanillin crystal and cocrystals shows that the
carboxyl group of the vanillin molecule is responsible for
intermolecular interactions. Thermodynamic analyses
demonstrate that the vibrational energies including zero-
point energy and thermal energy play significant roles in
these cocrystal formations. This work provides insight into
how we can use DFT simulation to understand molecular

This journal is © The Royal Society of Chemistry 2023
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vibration, packing, morphology and mechanical properties
after cocrystal formation.
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