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ABSTRACT: Donepezil has polymorphism. Different crystalline
forms can exhibit different physicochemical properties and
biological activities. Exploration of intermolecular interactions is
essential to reveal the formation mechanism and differences in
properties of polymorphs. This study explores the weak non-
covalent intermolecular interactions of donepezil polymorphs
through fully ab initio quantum mechanical methods, semi-
empirical methods, and Hirshfeld surface analysis. The results
show that the Hirshfeld surface analysis method can clearly and
intuitively reveal the intermolecular interactions. Theoretical
calculations using the atom−atom Coulomb−London−Pauli
(AA-CLP) method were also performed to understand the
interaction energies toward the total lattice energy. The value of
the lattice energy was in accordance with the melting points of the donepezil polymorphs and brought to light the nature of thermal
stability. In the specific energy distribution, the contribution of the dispersion force is the most prominent. Further interaction
energy analysis found that within a distance of 3.8 Å from the center of the donepezil molecule, different crystalline forms of
donepezil molecules have different interaction energies with surrounding molecules. The different interaction energies between
polymorphs may lead to polymorphs with different physical−chemical properties.

1. INTRODUCTION
Polymorphism is universally present and extensively inves-
tigated in the pharmaceutical industry. Understanding the
properties of active pharmaceutical ingredients (APIs) in the
solid state is utmost. Polymorphism was defined as “molecules
with the same chemical composition adopt different crystal
structures”.1,2 Various polymorphs of a drug could exhibit
different physical and chemical properties including color,
melting point, density, solubility, dissolution rate, stability, and
bioavailability, which eventually lead to the different clinical
efficacy and drug security.3,4 The famous case of ritonavir can
illustrate the polymorphic form affects the therapeutic effect of
the drug. Ritonavir was marketed in 1996 as oral liquid
solution and semi-solid capsule formulations (the API is Form
I) for the treatment of AIDS. During the storing process, a
second, previously unseen, polymorphic Form II appeared
within the formulated drug product, resulting in a significant
reduction in bioavailability and product withdrawal.5

Donepezil (Figure 1) is a reversible noncompetitive
acetylcholine esterase inhibitor first launched by the Eisai
Company Limited, Japan.6 The U.S. Food and Drug
Administration (USFDA) and the European Medicines Agency
(EMA) have approved it to be extensively used worldwide for
mild, moderate, and severe Alzheimer’s disease in 1996 and

1997, respectively. Donepezil has a long half-life, few clinically
problematic drug interactions, and generally good safety and
tolerance. What is more, it could be used in the treatment of
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Figure 1. Structure of donepezil.
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ischemic stroke and vascular dementia and could protect
against glutamate neurotoxicity at the same time.7 Donepezil
has polymorphism. The first reported crystal structure of
donepezil was published in 1992.8 During the past 20 years, six
polymorphs have been reported.9,10 Clinical research reports
show that the therapeutic efficacy of donepezil varies largely
from 20 to 60%. Recent studies reveal that the polymorphic
form difference may be the important influencing factor to
affect the pharmaceutical performance. The intermolecular
weak interactions such as van der Waals interactions, hydrogen
bonding, and electrostatic interactions may be the important
factors to drive and determine molecule packing behavior and
polymorph formation. Analyzing and exploring the nature of
intermolecular weak interactions in the crystal structure are
critical to understand the relationship between new drug
design and desirable physicochemical properties.

The present study explores the weak non-covalent
intermolecular interaction of the polymorphs of donepezil by
the fully ab initio quantum mechanical method, semi-empirical
methods, and Hirshfeld surface analyses.11−14 Ab initio
quantum structure methods are designed to solve the full
electronic Hamiltonian. One very successful method to do this
is density functional theory (DFT). DFT computes directly
ground-state properties from its charge density.15 Semi-
empirical methods are based on the same theoretical
framework as ab initio MO theory, but they aim at reducing
the computational cost by neglecting or approximating time-
consuming two-electron integrals. They are being used for
massive crystal structure generation and possible prediction.16

The Hirshfeld surface is created based on the electron
distribution of a molecule, and it has been calculated as the
sum of spherical atom electron densities.17 It was used to
quantify the contribution of intermolecular interactions that
stabilize the crystal packing and to understand the nature of
intermolecular interactions.18 The results show that, even with
the same chemical structure, different polymorphs of donepezil
have different spatial arrangements, interaction energies, and
conformation. AA-CLP can be used as powerful tools to
predict the crystal structure stability in different polymorphs.

2. MATERIAL AND METHODS
2.1. Single-Crystal XRD Data. For crystal structure

sources, the crystal structure data of the polymorph of
donepezil were obtained from the Cambridge Structural
Database (CSD). There are six anhydrous crystal forms, and
the crystal structure parameters are listed in Table 1.
2.2. Software Data Analysis. The conformational analysis

and hydrogen bond analysis of the donepezil crystal form were

carried out using Mercury 4.3.1 (Cambridge Crystallographic
Data Centre Inc., USA). The cif files of the five crystal forms
were imported into Mercury, the hydrogen bond information
of donepezil was obtained through “H-bond” and “contacts
list”, and the conformational differences of the five crystal
forms were obtained through the analysis of “multiple
structures”. The Hirshfeld surface analysis of donepezil
polymorphs was performed using CrystalExplorer 21.5, and
the Hirshfeld surface analysis map of the visible structure of
donepezil was obtained through “generate surface” and
“transparency” using the cif file. The 2D fingerprint of
donepezil is obtained using the “display fingerprint plot” in
CrystalExplorer 21.5, and the ratio of different forces of
donepezil to the total force can be obtained by selecting
different element types. Using the B3LYP/6-31g(d,p) basis set
in CrystalExplorer 21.5, the intermolecular interaction energies
of polymorphic molecules in the range of 3.8 Å can be
calculated. The energy frameworks can perform energy
framework analysis of intermolecules in the 3.8 Å range of
donepezil. The scale factor in the energy framework is 200, and
the interaction energy less than 5 kJ/mol is ignored.19 The
CLP-PIXEL software package can be used to calculate the
lattice energy of AA-CLP. The intermolecular potential energy
in the crystal was calculated using the following equation (eq
1):

= +E R R q q R(kJ/mol) A exp( B ) C 1389.36 /ij ij ij i j ij
6

(1)

where Rij is the intermolecular distance between nuclear
positions, A, B, and C are the empirical parameters, and qi is
the atomic charge parameter at the nuclear positions. The total
lattice energy is the sum of these terms for all atom−atom
distances in the crystal.20,21

3. RESULTS AND DISCUSSION
3.1. Conformational Analysis of Donepezil. Each

polymorph differs in four torsion angles C9−C8−C11−C12
(τ1), C8−C11−C12−C13 (τ2), C14−N15−C18−C19 (τ3),
and N15−C18−C19−C24 (τ4) (Figure 1). The torsion angles
are shown in Table 2. The conformational superposition of
each crystal form is shown in Figure 2 (yellow: Form F; red:
molecule 1 of Form II; blue: molecule 2 of Form II; pink:
Form C; green: Form I; purple: Form K). Form VII (CSD
code SUBTIS) only has unit cell parameters without atomic
coordinates, so the subsequent related analysis is not
performed.

τ1 represents how the piperidyl ring is bent with respect to
the bond C8−C11, and τ2 represents how the 2,3-

Table 1. Crystal Structure Parameters of Six Donepezil Polymorphs

form Form F Form II Form C Form I Form K Form VII

molecular formula C24H29NO3 2C24H29NO3 C24H29NO3 C24H29NO3 C24H29NO3 C24H29NO3

crystal system triclinic triclinic orthorhombic monoclinic triclinic triclinic
space group P-1 P-1 Pbca P21/c P-1 P-1
a (Å) 5.9523(8) 10.365(6) 10.408(2) 16.610(14) 5.7888(3) 19.364(6)
b (Å) 11.8173(18) 14.306(8) 11.342(2) 9.549(8) 12.9301(8) 9.468(3)
c (Å) 15.072(2) 16.199(9) 35.927(7) 14.357(12) 14.5967(9) 11.656(8)
α (°) 79.253(3) 67.375 (10) 90 90 111.899 (5) 90
β (°) 84.287(2) 79.079(7) 90 112.545(12) 95.370(2) 93.04(5)
γ (°) 75.024(2) 71.988(7) 90 90 90.725(1) 90
Z 2 4 8 4 2 4
CSD code SUBTIS01 SUBTIS02 SUBTIS03 SUBTIS04 SUBTIS05 SUBTIS
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dihydroinden-1-one ring is bent with respect to the bond of
C11−C12. τ1 differs from −179.06 to 178.85°, making the
piperidyl ring from being tilted to perpendicular to nearly
coplanar to the bond C8−C11 (Table 2). It can be seen from
Figure 2 and Table 2 that the torsion angles of the two
molecules of Form II are basically the same, and their
conformational diagrams are basically overlapped. τ3 and τ4
differ greatly between Form I and Form II, and the difference is
about 100°. Form K has a similar molecular conformation as
Form F and as such may be regarded to be a packing
polymorph with respect to Form F. Only the τ1 and τ2 of
Form F, τ1 of Form C, and τ2 of Form K have the negatively
signed torsion angles, and the other polymorphs all have the
positively signed torsion angles. Molecular conformation is a
subtle but important property in the chemistry of the organic
solid state, and the different conformations in the polymorph
may result in quantitative differences in interaction energy
values.
3.2. Theoretical Methods. 3.2.1. AA-CLP Calculation of

Donepezil. Lattice energies and intermolecular interaction
energies were calculated using the semi-empirical computa-
tional technique Coulomb−London−Pauli model (AA-CLP)
proposed by Gavezzotti.22 The CLP-PIXEL software package
was used for calculation, and the calculation results are
summarized in Table 3.

Table 3 shows the individual contributions of different types
of interactions to the lattice energy of donepezil. According to

the AA-CLP calculation results, the energy values clearly
signify that Form F has the smallest total lattice energy and it is
more stabilizing than that of Form C. According to the melting
point reported, the stability order is Form F (98.20 °C) >
Form II (96.40 °C) > Form I (93.21 °C) ≈ Form C (92.16
°C), and the theoretical calculation of different crystal forms of
donepezil is in good agreement with the thermal stability.
Form K (90.15 °C) is an exception. The inconsistency can be
ascribed to the fact that Form K is very unstable.
3.2.2. Interaction Energy Calculation of Donepezil.

Energies of intermolecular interactions were also investigated
using the energy frameworks method implemented in
CrystalExplorer.23 Using the B3LYP/6-31g(d,p) wave func-
tion, a donepezil molecule is specified, and all molecules within
a distance of 3.8 Å around the donepezil are used to analyze
the intermolecular interaction energy.24,25 The total energy
(Etot) of interaction between molecules is commonly expressed
in terms of four key components: electrostatic (Eele),
polarization (Epol), dispersion (Edis), and exchange-repulsion
(Erep); the total energy was calculated using eq 2

= + + +E k E k E k E k Etot ele ele pol pol dis dis rep rep (2)

where the k values are the scale factors provided by the
software. In this paper, the scale factors for electrostatic,
dispersion, polarization, and repulsion are 1.057, 0.740, 0.871,
and 0.618, respectively.

The analysis results are shown in Figure 3. The different
colored molecules represent different interaction energies with

the central donepezil molecule (viewed from the c-axis
direction). Within a distance of 3.8 Å with donepezil as the
center, there are 10 different interaction energies around Form
K and Form F, 9 different interaction energies around Form C,
11 different interaction energies around Form I, and 15
different interaction energies around Form II. The details of
different interaction energies are listed in Tables S1−S6. The
total energies of Form F, Form I, and Form C are −303.5,

Table 2. Torsional Angles (τ, Degree) of Various Crystal
Forms of Donepezil

form τ1 τ2 τ3 τ4

Form F −179.06 −178.59 172.46 93.88
Form II molecule 1 75.96 174.80 66.93 35.31

molecule 2 82.57 177.47 72.20 25.61
Form C −69.81 71.43 73.67 69.75
Form I 58.26 146.90 173.79 126.76
Form K 178.85 −178.94 174.34 96.32

Figure 2. Overlay of the molecular conformation of donepezil.

Table 3. AA-CLP Calculation Results of Donepezil (kJ/mol)

form CSD code space group Ecoul Epol Edisp Erep Etot

Form F SUBTIS01 P-1 −33.2 −40.3 −199.4 82.4 −190.5
Form II SUBTIS02 P-1 −24.7 −39.1 −178.9 63.9 −178.8
Form C SUBTIS03 Pbca −30.9 −37.3 −171.8 67.0 −172.9
Form I SUBTIS04 P21/c −23.1 −38.3 −177.6 66.2 −172.9
Form K SUBTIS05 P-1 −29.2 −40.4 −198.6 83.4 −184.8

Figure 3. Interaction energy relationship centered on donepezil.
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−224.0, and −247.8 kJ/mol, respectively, which also agree
with the thermal stability of different crystal forms of
donepezil.
3.2.3. Energy Frameworks Analysis of Donepezil. The

“energy framework” of donepezil is shown in Figure 4. From

the figure, we can see that the overall energy frameworks of
different crystal forms of donepezil are mainly composed of
different geometrical monomers, and there is a small
interaction energy (smaller cylinder radius) connection inside
the geometrical energy framework monomers. Among all the
crystal forms, Form I is the most unstable crystalline form and
shows the smallest diameter in the energy frame. The energy
framework visualizes the role-energy relationship in the crystal
structure of donepezil, which makes it more efficient and
convenient to explore the intermolecular energy relationship in
the crystal structure of donepezil.
3.2.4. DFT Study of Donepezil. DFT is suitable for lattice

energy calculations with salt and covalently bonded framework
structures.26 All DFT calculations in this study were performed
using the Gaussian 16W software package. In this study, lattice
energy calculations were performed for the five crystal forms
using B31yp/def2TZVP, B31yp/6-311+g(d,p), and Mp2/6-
31g(d,p) basis sets to study the stable structure and electronic
properties of donepezil; the coordinates of all non-hydrogen
atoms were frozen during the calculation process.27,28 The
calculation results are shown in Table 4.

From the results, we can see that DFT calculation values
influenced by the basis set selected and the lattice energies are
almost always intertwined with differences between chosen
geometries.29 The lattice energies obtained from the
calculations indicate that the most stable crystallographic
structure of donepezil is Form II and the most unstable is
Form I. The literature shows that Form I has the lowest heat of
fusion and is the most unstable. Slurry conversion experiments
show that, above 53 °C, among the crystal Form C, Form II,
and Form I, Form II is the most stable form. This is consistent
with the DFT calculated results. However, for Form F and

Form C, there is a violation of the thermal stability order by
the melting point. The reason may be owing to the fact that
during the DFT energy calculation, no dispersion energies
were considered during the optimization processes. DFT
energies are responsible for the conformation of individual
molecules in a crystal, while the dispersion energies can affect
the volume of the unit cell or relative intermolecular distances,
particularly when the dispersion energy is dominant in the
lattice energy.26,30 In this case, the dispersion energies are the
important contribution to the total energy.
3.2.5. Hirshfeld Surface Analysis of Donepezil. Hirshfeld

surface, 2D fingerprinting, and intermolecular interaction
analysis of donepezil polymorphs were performed using the
CrystalExplorer program.31−33 The closest distances from a
point on the Hirshfeld surface to the inner and outer atoms of
the surface are defined as di and de, respectively, and the
standard distance dnorm can be calculated using the following
equation (eq 3):34

= +d d r r d r r( )/ ( )/norm i i
vdW

i
vdW

e e
vdW

e
vdW (3)

The surface analysis diagrams of the five crystal forms are
shown in Figure 5. The red dots are generated by the
formation of hydrogen bonds between the molecules inside the
surface and the molecules outside. The stronger the hydrogen
bonding force, the smaller the distance between the donor and
the acceptor, the darker the red dot, and the larger the
diameter. White areas represent connections longer than
hydrogen bond distances, and blue areas represent connections
that are longer relative to white areas. Donepezil has no
hydrogen bond donors; therefore, the unsolvated polymorph
cannot exhibit hydrogen bonds. Figure 5 shows that there is a
C−H···C interaction force in the five crystal forms, and there is
a C−H···O interaction force at the oxygen atom of the
methoxy group of Form F, Form II, Form C, and Form K.
Form F, Form I, and Form K also exist in the C−H···H
interaction force. This is consistent with the interaction force
information. Intermolecular interactions are shown in Table 5.

The 2D fingerprint of intermolecular interaction reflects the
interaction mode between molecules within the structure and
the contribution of each interaction mode to the overall
effect.35 The 2D fingerprint of donepezil is shown in Figure 6.
It can be seen that the peak formed by the O atom as a
hydrogen bond acceptor in the donepezil molecule is sharper,
indicating that its O atom has a strong ability as a hydrogen
bond acceptor. Among the five crystal forms, the carbonyl
oxygen atom and the oxygen atom on the methoxy group of
donepezil mainly act as hydrogen bond acceptors to form O···
H−C. Therefore, the force of O···H is stronger than that of
H···O, which are 8.0, 7.7, 9.1, 7.8, and 7.8%, respectively. H−
H, C−H, and O−H forces are the main components of the full
spectrum. H···H forces account for 63.5, 64.1, 65.1, 66.7, and
63.8% of Form F, Form II, Form C, Form I, and Form K,
respectively. The C−H interaction forces of donepezil were
11.3, 8.3, 9.8, 7.9, and 11.3% in the five crystal forms. Figure 7

Figure 4. Energy frame diagram viewed from the c-axis direction.

Table 4. DFT Calculation Results of Donepezil (kJ/mol)

form F IIa C I K ΔEmax

B31yp/def2TZVP 10.17644 0 8.624768 11.07698 10.17644 11.07698
B31yp/6-311+g(d,p) 4.47910 0 18.15533 36.75437 7.19124 36.75437
Mp2/6-31g(d,p) 14.57940 0 30.88901 47.13560 19.89866 47.13560

aThe lowest energy of polymorph Form II was normalized to zero.
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shows the percentage contribution of short intermolecular
contacts in the donepezil molecule to the Hirshfeld surface

area. It can be seen from the figure that H···H, O···H, and C···
H contribute more than 95% to the entire Hirshfeld surface.

Figure 5. Hirshfeld surface analysis diagram of donepezil.

Table 5. Donepezil Intermolecular Interactions

form intermolecular interaction

Form F C18−H19···H11(2.319 Å, −x, −y, 2 − z , 165.82°); C8−H3···
C1(2.847 Å, −1 + x, y, z, 132.38°); C23−H26···O1(2.548 Å, −1
+ x, y, z, 140.75°)

Form II C23−H24···O5(2.610 Å, 136.83°); C47−H53···O2(2.702 Å,
133.84°); C23−H24···O6(2.604 Å, 164.76°); C23−H25···
C4(2.867 Å, 2 − x, −y, −z, 121.16°)

Form C C7−H7···O1(2.500 Å, −0.5 + x, 1.5 − y, −z, 168.52°); C3−H2···
C21(2.882 Å, −0.5 + x, 1.5 − y, −z, 162.50°)

Form I C8−H3···C4(2.782 Å, 1 − x, 2 − y, 1 − z, 158.76°); C9−H4···
H3(2.363 Å, 1 − x, 2 − y, 1 − z, 114.50°)

Form K C14−H14···H23(2.319 Å, −1 + x, y, z, 125.42°); C23−H24···
O1(2.664 Å, −1 + x, y, z, 148.99°); C9−H4···C2(2.319 Å, −1 +
x, y, z, 135.79°)

Figure 6. Intermolecular interaction fingerprint of donepezil.

Figure 7. Percentage contributions of the short intermolecular
contacts to the Hirshfeld surface area in donepezil.
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4. CONCLUSIONS
AA-CLP lattice energy calculations, DFT calculations, energy
frame diagrams, and Hirshfeld surface analysis were used to
enhance the analysis of the different conformations and
interactions of crystals presented in 3D structures. The analysis
showed that all the five crystal forms have the same
configuration but have different molecular conformations.
Donepezil has no hydrogen bond donor and mainly forms C−
H···C, C−H···O, and C−H···H interaction forces. These three
interacting forces account for more than 95% of the total
energy. During the AA-CLP calculation, the dispersion energy
is the key to interpret organic crystal structures. The
calculation results clearly show the relative importance of
dispersion force as molecular polarity. The contributions of
various forces in donepezil crystals were successfully calculated
by the AA-CLP method and DFT method to evaluate the
importance of non-covalent interactions in the crystal assembly
process. Except for the unstable crystal Form K, the energy
calculation results of AA-CLP are consistent with the thermal
stability. Except for Form F, the energy calculation results of
DFT are also basically consistent with the thermal stability.
The visualization of the interaction energies in the crystal
structure was realized by using the energy framework model,
which sheds light on the understanding of the intermolecular
interaction energies in the crystal structure of donepezil. By
calculating the Hirshfeld surface and two-dimensional finger-
prints of donepezil, the intermolecular interactions can be
intuitively revealed and the different force sizes and
proportions in the unit cell can be distinguished.
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Almarsson, Ö. Elucidation of Crystal Form Diversity of the HIV
Protease Inhibitor Ritonavir by High-Throughput Crystallization.
Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 2180−2184.

(6) Wilkinson, D. G. The pharmacology of donepezil: A new
treatment for alzheimer’s disease. Expert Opin. Pharmacother. 1999, 1,
121−135.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04201
ACS Omega 2022, 7, 36434−36440

36439

https://pubs.acs.org/doi/10.1021/acsomega.2c04201?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04201/suppl_file/ao2c04201_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ningbo+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:gnb@imm.ac.cn
mailto:gnb@imm.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2274-5703
mailto:luy@imm.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhui+Xing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3329-0599
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongmei+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8279-7513
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoxi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7462-7592
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meiju+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3115-8196
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengfeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04201?ref=pdf
https://doi.org/10.1166/rase.2013.1038
https://doi.org/10.1166/rase.2013.1038
https://doi.org/10.1016/j.cclet.2019.09.012
https://doi.org/10.1016/j.cclet.2019.09.012
https://doi.org/10.2174/1381612824666180515155425
https://doi.org/10.2174/1381612824666180515155425
https://doi.org/10.2174/1381612824666180515155425
https://doi.org/10.3390/pharmaceutics12010034
https://doi.org/10.3390/pharmaceutics12010034
https://doi.org/10.1073/pnas.0437744100
https://doi.org/10.1073/pnas.0437744100
https://doi.org/10.1517/14656566.1.1.121
https://doi.org/10.1517/14656566.1.1.121
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Seltzer, B. Donepezil: a review. Expert Opin. Drug Metab. Toxicol.
2005, 1, 527−536.

(8) Cardozo, M. G.; Kawai, T.; Iimura, Y.; Sugimoto, H.; Yamanishi,
Y.; Hopfinger, A. J. Conformational analyses and molecular-shape
comparisons of a series of indanone-benzylpiperidine inhibitors of
acetylcholinesterase. J. Med. Chem. 1992, 35, 590−601.

(9) Park, Y.; Lee, J.; Lee, S. H.; Choi, H. G.; Mao, C.; Kang, S. K.;
Choi, S. E.; Lee, E. H. Crystal structures of tetramorphic forms of
donepezil and energy/temperature phase diagram via direct heat
capacity measurements. Cryst. Growth Des. 2013, 13, 5450−5458.

(10) Park, Y.; Boerrigter, S. X. M.; Yeon, J.; Lee, S. H.; Kang, S. K.;
Lee, E. H. New metastable packing polymorph of donepezil grown on
stable polymorph substrates. Cryst. Growth Des. 2016, 16, 2552−2560.

(11) Pan, X.; Li, P.; Ho, J.; Pu, J.; Mei, Y.; Shao, Y. Accelerated
computation of free energy profile at ab initio quantum mechanical/
molecular mechanical accuracy via a semi-empirical reference
potential. Ii. Recalibrating semi-empirical parameters with force
matching. Phys. Chem. Chem. Phys. 2019, 30, 1908−1922.

(12) Friesner, R. A.; Dunietz, B. D. Large-scale ab initio quantum
chemical calculations on biological systems. Acc. Chem. Res. 2001, 34,
351−358.

(13) Gavezzotti, A. Efficient computer modeling of organic
materials. The atom−atom, coulomb−london−pauli (aa-clp) model
for intermolecular electrostatic-polarization, dispersion and repulsion
energies. New J. Chem. 2011, 35, 1360−1368.

(14) Zhang, B. X.; Zhang, L.; Gong, N. B.; Lv, Y.; Du, G. H.
Structural analysis and Hirshfeld surface analysis of two isoniazid
cocrystals. Her. Med. 2018, 37, 12−15.

(15) Voloshina, E.; Paulus, B. Development of a Wavefunction-
based Ab Initio Method for Metals Applying the Method of
Increments. Z. Phys. Chem. 2010, 224, 224−234.

(16) Johansson, M. P.; Kaila, V. R. I.; Sundholm, D. Ab Initio,
Density Functional Theory, and Semi-Empirical Calculations. Methods
Mol. Biol. 2013, 924, 3−27.

(17) Ahmed, M. N.; Nadeem, K.; Andleeb, H.; Sheikhi, M.; Majeed,
Z.; Ali, W.; Tahir, M. N.; Rocha, N.; Gil, D. M. Exploring weak
intermolecular interactions in two bis-1,3,4-oxadiazoles derivatives: A
combined X-ray diffraction, Hirshfeld surface analysis and theoretical
studies. J. Mol. Struct. 2021, 1232, No. 130030.

(18) Gil, D. M.; Lizarraga, E.; Echeverría, G. A.; Piro, O. E.; Catalán,
C. A. N. On the importance of intermolecular interactions of 3-(2,3-
dihydroxy-isopentyl)-4-hydroxyacetophenone: Crystal structure, spec-
troscopic and hirshfeld surface analysis. J. Mol. Struct. 2020, 1217,
No. 128393.

(19) Tojiboev, A. G.; Elmuradov, B. Z.; Mouhib, H.; Turgunov, K.
K.; Mirzaev, S. Z. Structural insight from intermolecular interactions
and energy framework analyses of 2-substituted 6,7,8,9-tetrahydro-
11H -pyrido[2,1-b]quinazolin-11-ones. Acta Crystallogr., Sect. B:
Struct. Sci. 2021, 77, 416−426.

(20) Gavezzotti, A. Calculation of intermolecular interaction
energies by direct numerical integration over electron densities. I.
Electrostatic and polarization energies in molecular crystals. J. Phys.
Chem. B 2002, 106, 4145−4154.

(21) Drozd, K. V.; Manin, A. N.; Voronin, A. P.; Perlovich, G. L.
Sublimation thermodynamicsof pyrazinoic, dipicolinic and quinolinic
acids: Experiment and theoretical prediction. J. Chem. Thermodyn.
2021, 155, 106369−106382.

(22) Gavezzotti, A. Calculation of lattice energies of organic crystals:
The pixel integration method in comparison with more traditional
methods. Z. Kristallogr. 2005, 220, 499−510.

(23) Spackman, P. R.; Turner, M. J.; McKinnon, J. J.; Wolff, S. K.;
Grimwood, D. J.; Jayatilaka, D.; Spackman, M. A. CrystalExplorer: a
program for Hirshfeld surface analysis, visualization and quantitative
analysis of molecular crystals. J. Appl. Crystallogr. 2021, 54, 1006−
1011.

(24) Mackenzie, C. F.; Spackman, P. R.; Jayatilaka, D.; Spackman,
M. A. Chemistryjcrysteng crystalexplorer model energies and energy
frame- works: Extension to metal coordination compounds, organic
salts, solvates and open-shell systems. IUCrJ 2017, 4, 575−587.

(25) Bene, J.; Person, W. B.; Szczepaniak, K. Properties of hydrogen-
bonded complexes obtained from the b3lyp functional with 6-
31g(d,p) and 6-31+g(d,p) basis sets: Comparison with mp2/6-
31+g(d,p) results and experimental data. J. Phys. Chem. 1995, 99,
10705−10707.

(26) Neumann, M. A.; Perrin, M. A. Energy Ranking of Molecular
Crystals Using Density Functional Theory Calculations and an
Empirical van der Waals Correction. J. Phys. Chem. B 2005, 109,
15531−15541.

(27) Danilov, V. I.; Dailidonis, V. V.; Hovorun, D. M.; Kurita, N.;
Murayama, Y.; Natsume, T.; Potopalsky, A. I.; Zaika, L. A. Berberine
alkaloid: Quantum chemical study of different forms by the dft and
mp2 methods. Chem. Phys. Lett. 2006, 430, 409−413.

(28) Sahoo, P. R.; Kumar, A.; Kumar, A.; Kumar, S. Experimental
and computational investigation of polymorphism in methyl 3-
hydroxy-4-(piperidin-1-ylmethyl)-2-naphthoate. J. Mol. Struct. 2020,
1219, 128619−128629.

(29) Thomas, S. P.; Spackman, P. R.; Jayatilaka, D.; Spackman, M.
A. Accurate Lattice Energies for Molecular Crystals from
Experimental Crystal Structures. J. Chem. Theory Comput. 2018, 14,
1614−1623.

(30) Li, T.; Feng, S. Empirically Augmented Density Functional
Theory for Predicting Lattice Energies of Aspirin, Acetaminophen
Polymorphs, and Ibuprofen Homochiral and Racemic Crystals.
Pharm. Res. 2006, 23, 2326−2332.

(31) Babashkina, M. G.; Frontera, A.; Kertman, A. V.; Saygideger, Y.;
Murugavel, S.; Safin, D. A. Favipiravir: Insight into the crystal
structure, hirshfeld surface analysis and computational study. J. Iran.
Chem. Soc. 2020, 19, 85−94.

(32) Burkhanova, T. M.; Babashkina, M. G.; Taskin-Tok, T.; Sharov,
A. V.; Safin, D. A. Naphthalene-based bis-n-salicylidene aniline dyes:
Crystal structures, hirshfeld surface analysis, computational study and
molecular docking with the sars-cov-2 proteins. J. Iran. Chem. Soc.
2022, 19, 1979−1991.

(33) Al-Mutairi, A. A.; Alagappan, K.; Blacque, O.; Al-Alshaikh, M.
A.; El-Emam, A. A.; Percino, M. J.; Thamotharan, S. Crystallographic
and Theoretical Exploration of Weak Hydrogen Bonds in Arylmethyl
N′-(adamantan-1-yl)piperidine-1-carbothioimidates and Molecular
Docking Analysis. ACS Omega 2021, 6, 27026−27037.

(34) Bano, H.; Hussain, S.; Khan, K. M.; Perveen, S.; Yousuf, S.
Crystal structure and hirshfeld surface analysis of 1-(4-bromophenyl)-
2-{[5-(pyridin-3-yl)-1,3,4-oxadiazol-2-yl]sulfanyl}ethan-1-one. Acta
Crystallogr., Sect. E: Crystallogr. Commun. 2017, 73, 623−626.

(35) Spackman, M. A.; Mckinnon, J. J. Fingerprinting intermolecular
interactions in molecular crystals. CrystEngComm 2002, 4, 378−392.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04201
ACS Omega 2022, 7, 36434−36440

36440

https://doi.org/10.1517/17425255.1.3.527
https://doi.org/10.1021/jm00081a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00081a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00081a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg401405g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg401405g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg401405g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar980111r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar980111r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1524/9783486711639.79
https://doi.org/10.1524/9783486711639.79
https://doi.org/10.1524/9783486711639.79
https://doi.org/10.1007/978-1-62703-017-5_1
https://doi.org/10.1007/978-1-62703-017-5_1
https://doi.org/10.1016/j.molstruc.2021.130030
https://doi.org/10.1016/j.molstruc.2021.130030
https://doi.org/10.1016/j.molstruc.2021.130030
https://doi.org/10.1016/j.molstruc.2021.130030
https://doi.org/10.1016/j.molstruc.2020.128393
https://doi.org/10.1016/j.molstruc.2020.128393
https://doi.org/10.1016/j.molstruc.2020.128393
https://doi.org/10.1107/S2052520621003498
https://doi.org/10.1107/S2052520621003498
https://doi.org/10.1107/S2052520621003498
https://doi.org/10.1021/jp0144202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0144202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0144202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jct.2020.106369
https://doi.org/10.1016/j.jct.2020.106369
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1021/j100027a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100027a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100027a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100027a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050121r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050121r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050121r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2006.09.026
https://doi.org/10.1016/j.cplett.2006.09.026
https://doi.org/10.1016/j.cplett.2006.09.026
https://doi.org/10.1016/j.molstruc.2020.128619
https://doi.org/10.1016/j.molstruc.2020.128619
https://doi.org/10.1016/j.molstruc.2020.128619
https://doi.org/10.1021/acs.jctc.7b01200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11095-006-9006-5
https://doi.org/10.1007/s11095-006-9006-5
https://doi.org/10.1007/s11095-006-9006-5
https://doi.org/10.1007/s13738-021-02438-y
https://doi.org/10.1007/s13738-021-02438-y
https://doi.org/10.1007/s13738-021-02438-y
https://doi.org/10.1021/acsomega.1c03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2056989017004819
https://doi.org/10.1107/S2056989017004819
https://doi.org/10.1039/B203191B
https://doi.org/10.1039/B203191B
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

