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ABSTRACT: Being well studied, I and II polymorphic structures of aspirin are very suitable
for testing a new method to study mechanical properties using quantum chemical
calculations. The proposed method consists of two steps: analysis of the pairwise interaction
energies between molecules in a structure obtained by the X-ray diffraction study with
separation of strongly bound fragments and further quantum chemical modeling of their
displacement in relation to each other. Application of this method to aspirin polymorphs I
and II showed that they have layered structure and the [001] crystallographic direction within
the (100) plane is the most probable for a shear deformation, which correlates well with the
data of the nanoindentation method. The energy barriers for the displacement in this
direction were calculated as 17.1 and 14.5 kcal/mol for polymorphs I and II, respectively. It
was shown that the area of strong repulsion between molecules belonging to the neighboring
layers can complicate shear deformation in stable crystal forms I and II of aspirin. A similar
study of the latest polymorph IV showed that this structure is not layered but columnar. The
easiest shear deformations are possible for the displacement in the [010] crystallographic
direction within the (100), (−101), and (001) planes. The low-energy barriers for these displacements (5.4, 8.8, and 9.5 kcal/mol,
respectively) and the absence of significant repulsion along all the translation may explain the metastability of this structure. The
proposed method is a good tool to predict mechanical properties.

■ INTRODUCTION

A large number of drugs and other functional materials are
used in the crystalline state because of their higher chemical
stability in the solid phase compared with the solution.1

However, the crystalline state turned out to have some features
caused by the molecule ability to form various conformations
and/or sets of intermolecular interactions. This phenomenon
is known as polymorphism.2 Polymorphism proved to be the
most important phenomenon for the pharmaceutical industry
due to the fact that different crystal forms of one compound
have different properties directly related to their manufactur-
ability (compactability, hardness, tabletting, tensile strength,
etc.) and bioavailability (solubility and dissolution rate).3

Therefore, choice of the most efficient crystal form of API is
the key stage of a drug development.
Unfortunately, a crystal form may happen to be unstable and

transforms into a new phase depending on handling,
manufacturing, processing, or storage. Therefore, polymorphic
transitions of well-known drugs are of special interest for both
fundamental and practical reasons.4−10 The most crucial result
of such a transformation is the change of solubility and
dissolution rate influencing the biological properties of a drug
as it happened with the antiretroviral drug ritonavir (the trade
mark is Norvir).11 So, control of the crystalline state is
necessary at all key stages of manufacturing and storage of a
solid form.

Possible changes of a crystal structure under external
mechanical influence are known as mechanical properties
and may be caused by peculiarities of a crystal packing.
Mechanical properties of molecular crystals are studied by both
experimental and theoretical methods. The nanoindentation
method12 and the diamond anvil cell technique13,14 are the
most used experimental methods. Each of them has its own
merits and shortcomings, but both experimental methods
require special expensive equipment. Application of quantum
chemistry methods may help to tackle this problem.15 Periodic
calculations of a crystal structure allow us to estimate the
attachment energy for the prediction of the most probable slip
plane16 or to calculate the elastic constants associated with
mechanical deformations.17,18 However, such calculations
depend crucially on initial parameters and require substantial
computational resource.
Obviously, mechanical properties of molecular crystals are

associated with anisotropy of a crystal structure. Therefore, a
reliable method of crystal structure analysis is of great
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importance. The recently proposed method based on pairwise
interaction energies between molecules studying makes it
possible to separate out strongly bound motifs of a crystal
packing using simple and inexpensive quantum chemical
calculations.19−21 It is known that weak interactions between
separated structural motifs are crucial for mechanical response
of a crystal.22−26 Therefore, such an analysis opens a way to
determine possible directions of the easiest deformation of a
crystal structure. Some attempts to model a crystal
deformation using quantum chemical calculations at the
AM1 semiempirical level27 or within periodic boundary28

have been performed recently. However, the proposed
approaches require further development and improvement.
Polymorphic modifications of aspirin were chosen as very

suitable for the development of a more systematic method of
mechanical properties of molecular crystal modeling using
quantum chemical calculations. Aspirin is a well-studied drug,
so the results obtained within a new approach can be
compared with the available experimental and theoretical
data. For a very long time, the existence of aspirin polymorphs
remained questionable.29−34 The crystal structure of the
polymorph II was obtained only in 2005 by Zaworotko and
co-workers.35 However, a very subtle difference between
polymorphs I and II as well as low quality of the experimental
data required additional evidence. Further studies of the new
crystal form of aspirin showed that it was not a twin or a
mixture of form I and form II but an intergrown crystal
containing domains of both forms I and II.36,37 The pure
polymorphic form II was crystallized only in 2011.38

Polymorphic modifications were thoroughly studied by
experimental39−43 and theoretical methods.44−47 Particular
attention was paid to the study of possible polymorphic
transitions of aspirin polymorphs.42 The transition of the less
stable form II into form I was proven under grinding.41 The
preview of polymorph III obtained at the pressure above ∼2
GPa from the polymorph I was based on Raman spectroscopy
data.42 Unfortunately, the structure of this polymorph was not
proven reliably. The study of mechanical properties of
polymorphic structures I and II led to clear definition of the
(100) crystallographic plane along which shear deformation is
the easiest.41,42,47,48 However, the crystallographic directions
for the easiest deformation within this plane were not
determined unambiguously.41,42,48 The newest ambient
polymorph of aspirin (form IV according to the original
publication49) was solved from the powder diffraction data
only in 2017 and turned out to be metastable, so its mechanical
properties are still not studied.
In the present study, a new method to model mechanical

properties is proposed and verified using known experimental
and theoretical data for forms I and II of aspirin. In addition,
possible mechanical response of metastable polymorphic form
IV is predicted.

■ EXPERIMENTAL SECTION
Analysis of Crystal Structures from the Energetic View-

point. The three aspirin polymorphic structures with refcodes
ACSALA14,36 ACSALA15,37 ACSALA2349 (Figure S1) have been
extracted from the Cambridge Crystal Structure Database.50 Crystal
structure analysis was performed within the approach based on
quantum chemical calculations of pairwise interaction energies
between molecules in a crystal.51,52 Any molecule in a crystal may
be considered as basic, and its first coordination sphere can be
constructed using the standard procedure within the Mercury
program.53 This option allows us to determine all molecules for

which the distance between atoms of the basic molecule and its
symmetric equivalent is shorter than van der Waals radii sum plus 1 Å
at least for one pair of atoms. In the case of Z′ > 1, this procedure
should be applied to each of the molecules in the asymmetric part of
the unit cell. The selected fragment of the crystal packing was divided
into dimers where one molecule is basic and the other one belongs to
its first coordination sphere. The molecular geometries of these
dimers were not optimized. Taking into account the well-known effect
of X−H bonds shortening in the X-ray diffraction study,54 the
positions of hydrogen atoms were normalized to 1.089 Å for C−H
and 0.993 Å for O−H bonds, according to neutron diffraction data.55

The pairwise interaction energies were calculated using the B97D3
density functional method56 with def2-TZVP basis set57,58 and
corrected for basis set superposition error by the counterpoise
method.59 The choice of the calculation method is based on the
benchmark study of accurate estimation of pairwise interaction
energies.60 All single-point calculations were performed within the
Gaussian03 software.61

The energy-vector diagrams (EVD) were used for the graphic
representation of the obtained data. The calculated interaction energy
between two molecules in a crystal may be described by a vector
directed from the geometrical center of one molecule toward the
geometrical center of the second molecules.52 This approach to the
set of the pairwise interaction energies between a basic molecule (0)
and each of the molecules belonging to its first coordination sphere
(i) makes it possible to visualize the calculated energies as a set of
such vectors (Li) coming from the geometrical center of a basic
molecule. The length of each energy vector Li is calculated using the
following equation

=L
R E
E2i

i i

str (1)

where Ri is the distance between the geometric centers of the
interacting molecules, Ei is the interaction energy between these two
molecules, and Estr is the energy of the strongest pairwise interaction
in the crystal.

The basic molecule may be replaced by its vector image, and all
symmetry operations can be applied to this image. As a result, the
crystal structure can be analyzed in terms of interaction energies
between molecules or strongly bound structural motifs of a crystal
packing. The building unit (BU), primary basic structural motif
(BSM1) and secondary basic structural motif (BSM2) can be
separated out, and interaction energies within these strongly bound
fragments and between them can be analyzed. Full list of interaction
energies, symmetry codes and bonding types of the monomeric and
dimeric BUs in polymorphs I, II, and IV is presented in Tables S1−
S6.

Modeling of a Shear Deformation. The results of the crystal
structure analysis based on the pairwise interaction energies study
were used to model possible mechanical response of a crystal packing.
In reality, all interactions between molecules can be deformed under
external stress but the weakest interactions are expected to be the
most deformed. Therefore, it was presumed as a model approximation
that the shear deformation is possible along the weakest plane
between strongly bound fragments and it is not accompanied by the
deformation of these fragments themselves.

The fragment of the secondary structural motif (BSM2) used as a
fixed part in the modeling and one BU belonging to the neighboring
BSM2 used as a mobile part were extracted from the crystal structure
as a rigid unit and used as a model system. For the shear simulation,
the mobile part of the chosen system was shifted along the fixed part
on one crystallographic translation with a certain step size. The single-
point interaction energies between mobile and fixed fragments were
calculated for each point along the translation trajectory using B97D3
functional and cc-PVDZ basis set62,63 within the Gaussian03 software
and corrected for basis set superposition error by the counterpoise
method.59 The shift energy profile was constructed as a function of
calculated interaction energy and the shift of a mobile part in relation
to the initial position. The shift energy barrier was calculated as a
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difference between the highest and lowest interaction energies
between the mobile and fixed parts within the translation.

■ RESULTS AND DISCUSSION

The crystal structures of aspirin polymorphs I and II have been
thoroughly studied.36,37 However, only hydrogen bonds of
various types and their geometric characteristics were
discussed and layers of centrosymmetric dimers as a structural
motif of the crystal packing were highlighted. Such an analysis
did not take into account non-directed interactions between
molecules like electrostatic, general dispersion, polarization,
and so forth. Also, stacking between π-systems was not
mentioned due to the impossibility of unambiguous
description of this interaction. The crystal structure of
polymorphic form IV proved to be more complicated due to
the presence of two molecules in the unit cell asymmetric part.
This structure was also characterized as layered.49

Two types of layers may be visualized in all the studied
structures of aspirin (Figure 1). There are no specific
intermolecular interactions between molecules belonging to
the neighboring layers. Therefore, the choice of the plane in
which the easiest way of crystal packing deformation may

occur can be made on the basis of the interaction energies
between strongly bound structural motifs. To evaluate these
energies, the analysis of a crystal packing based on the study of
pairwise interaction energies between molecules should be
applied.

Crystal Packing Analysis Based on the Study of
Pairwise Interaction Energies. At the first stage of the
analysis, the molecule was considered a BU and its first
coordination sphere was constructed. In the case of
polymorphic form IV, the first coordination sphere was
constructed separately for each of the molecules A and B
found in the asymmetric part of the unit cell. The basic
molecule is surrounded by 14 neighbors in polymorphic form I
and only by 13 in polymorphs II and IV (Tables S1−S3 in
Supporting Information). At that, the total interaction energy
of the basic molecule with all the molecules belonging to its
first coordination sphere is −63.2 kcal/mol in polymorphic
structure I, −64.3 kcal/mol in structure II, and −62.2 kcal/mol
(the basic molecule A) or −59.3 kcal/mol (the basic molecule
B) in structure IV. The basic molecule forms the strongest
interaction with only one neighboring molecule due to O−H···
O hydrogen bonds in all the aspirin polymorphs. The

Figure 1. Crystal structure of polymorphic forms I (on the left), II (in the middle), and IV (on the right) of aspirin. Layers of centrosymmetric
dimers parallel to the (100) crystallographic plane are highlighted in blue; layers of centrosymmetric dimers parallel to the (001) crystallographic
plane are highlighted in yellow.

Figure 2. Columns in the [010] crystallographic direction as the primary basic structural motif in terms of molecules and EVDs in polymorphic
structures I (on the left), II (in the middle), and IV (on the right). EVD for columns of A and B types are highlighted in yellow and blue,
respectively, in structure IV.
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interaction energy between the molecules in this centrosym-
metric dimer is more than three times higher than the
interaction energies of the basic molecule with other
neighboring ones (Figure S2). Therefore, the BU of the
aspirin polymorphic structures is not a molecule but a
centrosymmetric dimer.18 It should also be noted that dimers
of AA or BB types are the BUs in the polymorphic structure
IV.
These dimeric BUs were used for further analysis to separate

out some structural motifs of a crystal packing and evaluate the
interaction energies between them. For this purpose, the first
coordination sphere of the dimeric BU contains 18

neighboring dimers in polymorphic structure I and 16
neighboring ones in structure II. At that, the total energy of
BU interaction with all the surrounding dimers is equal (−75.3
kcal/mol) in these polymorphic structures (Tables S4−S6 in
Supporting Information). Each of the AA and BB dimers is
surrounded by 16 neighboring dimers of different types, but
the total interaction energies of the BU with its first
coordination sphere are slightly different (−79.7 kcal/mol for
BU AA and −78.5 kcal/mol for BU BB).
Each BU forms two strongest interactions with equal

energies (Tables S4−S6, Figure S3) between dimers that are
located in opposite directions along the [010] crystallographic

Figure 3. Packing of columns in terms of EVDs, projection along the [010] crystallographic direction for polymorphic structures I (on the left), II
(in the middle), and IV (on the right). Possible layers are highlighted in different colors: layers parallel to the (100) crystallographic plane are blue;
layers parallel to the (001) plane in structures I and IV or to the (−102) plane in structure II are yellow; and a layer parallel to the (−101) plane in
structure IV is red.

Table 1. Interaction Energies (in kcal/mol) between Dimeric BUs within Separated Structural Motifs and between Them

structural motif I II IVAA IVBB

BSM1 −26.8 −26.9 −35.3 −32.9

(100) (001) (100) (−102) (100) (001) (−101) (100) (001) (−101)

BSM1/BSM1 −16.6 −6.5 −16.8 −6.7 −9.9 −8.7 −3.6 −10.5 −8.7 −3.6
BSM2 −59.9 −39.0 −60.5 −40.1 −55.0 −52.8 −42.5 −53.8 −50.3 −40.1
BSM2/BSM2 −7.7 −18.2 −7.4 −17.6 −12.3 −13.5 −18.6 −12.3 −14.1 −19.2

Figure 4. Relative positions of centrosymmetric dimers belonging to the neighboring columns within the (001) crystallographic plane in structure I
(on the left) and the (−102) crystallographic plane in structure II (on the right). Dimeric BUs are highlighted in yellow.
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axis. As a result, the linear column in the direction [010] can
be separated out as the primary basic structural motif (BSM1)
in all the three polymorphs of aspirin (Figure 2). Moreover,
the columns containing only dimers AA (the EVD is colored
yellow) and the columns of dimers BB (EVD is colored blue)
are observed in structure IV. Stacking and nonspecific
interactions are found between dimeric BUs within these
columns. The total interaction energy of the BU within the
column is −26.8 kcal/mol in polymorph I, −26.9 kcal/mol in
polymorph II, and −35.3 kcal/mol (column A) or −32.9 kcal/
mol (column B) in polymorph IV.
Further analysis of the interaction energies between dimeric

BUs belonging to neighboring columns makes it possible to
discuss the formation of layers as the second basic structural
motifs in the crystals I, II, and IV (Figure 3). Each column is
surrounded by eight neighboring ones in all the studied
crystals. The basic column interacts strongly with two columns
lying in opposite directions within the (100) crystallographic
plane in crystals I and II. As a result, the layers parallel to the
(100) crystallographic plane may be regarded as a secondary
basic structural motif (BSM2) in structures I and II. The C−
H···π and non-specific interactions are found between
molecules of the neighboring columns within the layer. Within
the BSM2, the total interaction energies between the dimeric
BU and the neighboring dimeric ones are almost 8 times
higher than the interaction energies between those belonging
to the layers parallel to the (100) crystallographic plane (Table
1). It should be noted that the structure of the BSM1 and
BSM2 [layer parallel to the (100) plane] is the same as in
polymorphs I and II of aspirin. The main difference between
these crystals can be caused by the relative position of the
neighboring layers.
According to the calculated pairwise interaction energies, the

dimeric BU interacts strongly with two neighboring ones lying
in opposite directions within the (001) crystallographic plane
in structure I or the (−102) plane in structure II (Figure 3,
layers are highlighted in yellow) which may be considered as
an alternative BSM2. The interaction energies between BSM1
within these planes are smaller as compared to those within the
(100) planes mentioned above (Table 1). It may be caused by
the extremely weak C−H···O intermolecular interactions
between molecules of the neighboring columns lying in the
(001) plane in structure I or the (−102) plane in structure II.
Moreover, relative orientation of centrosymmetric dimers
belonging to the neighboring columns within these planes is
different (Figure 4). Total interaction energies of the dimeric
BU with the neighboring ones within the (001) (structure I)
or (−102) (structure II) crystallographic planes as BSM2 are
twice as strong as those between them (Table 1).
Comparison of the energy ratio inside and between BSM1

and BSM2 (Table 1) makes it possible to come to the
conclusion that the polymorphic crystals of aspirin I and II
have the columnar-layered structure, where layers parallel to
the (100) crystallographic plane are the most strongly bound
secondary basic structural motifs (BSM2). The main difference
between these polymorphic forms of aspirin is the relative
orientation of the dimeric BUs belonging to neighboring layers
(Figure 4). Such a conclusion would not have been possible
without the analysis of the energetic structure and strongly
bound structural motifs in these crystals.
As it was mentioned above, the analysis of polymorphic

structure IV is more complicated due to the presence of two
molecules in the asymmetric part of the unit cell. Each of the

recognized columns AA and BB as the primary basic structural
motifs (BSM1) is surrounded by eight neighboring columns.
The analysis of interaction energies between dimeric BUs
belonging to the neighboring columns revealed very close
interactions in the directions parallel to the (100) or (001)
crystallographic planes and weaker interactions within the
diagonal plane (−101) (Table 1). Three types of layers parallel
to the (100), (001), or (−101) crystallographic planes may be
regarded as possible secondary basic structural motifs (Figure
3). At that, the layers parallel to the (100) crystallographic
plane contain columns of only one type (layers AA and layers
BB) which are alternated. Within these layers, the dimeric BUs
of the neighboring columns are bound mainly by C−H···π
interactions. The layers parallel to the (001) plane are mixed
and contain columns of both types (layers AB). There are no
direction-specific interactions between molecules within these
layers. The energy ratios inside and between the layers (100)
and (001) are very close (Table 1). It may be explained by the
balance of two types of interactions: specific and non-specific.
Indeed, the interaction energy between the (100) layers is
caused mainly by general dispersion due to the absence of any
direction-specific interactions and smaller distance between
neighboring planes (7.8 Å). The interaction energy between
the (001) layers is caused mainly by C−H···π interactions (the
distance between layers is 11.1 Å). As a result, the layer of any
type as a secondary basic structural motif (BSM2) cannot be
separated out unambiguously. Therefore, the polymorphic
structure IV of aspirin may be classified as columnar.
Summarizing the study of pairwise interaction energies in

the polymorphic crystals of I, II, and IV, we can conclude that
only one plane for the easiest shear deformation may be
recognized in structures I and II, while structure IV can be
deformed along two crystallographic planes with close
probability. However, the question about the direction of the
easiest shear deformation along the plane remains open
(Figure 5). Polymorphic structure IV of aspirin proved to be

metastable,49 but the interaction energies between the two
visualized types of BSM2 in structure IV are stronger as
compared to the interaction energies between BSM2 in
structures I and II (Table 1). Therefore, it can be presumed
that the ability of polymorphic structure IV to mechanical
response is higher as compared to those in structures I and II
and is caused not only by the interaction energies between the
strongly bound fragments of a crystal packing.

Figure 5. Possible directions of the easiest shear deformation along
the (100) crystallographic plane in polymorphic crystals I and II.
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Modeling of the Shear Deformation in the Crystal
Phase. The attempts to study mechanical properties of
organic crystals using mainly periodic calculations or AIMD
simulations were performed by different scientific
groups.15−18,20,24,25,39,47,64 To model the crystal structure
ability for a shear deformation, we propose the algorithm
described in the Experimental Section. To implement such an
algorithm, it is necessary to consider the following problems:

1. The minimal size of the rigid unit extracted from the
experimental crystal structure and used as a mobile part
in the proposed model system.

2. The optimal size of the crystal fragment used as the fixed
part, which is necessary to reproduce the shift energy
profile in the chosen point group symmetry.

3. The choice of probable crystallographic directions for
the displacements.

4. The optimal step size for the displacement.

Each of these problems was considered using well-studied
polymorphic structures I and II of aspirin as model systems.
One BU, defined on the basis of the analysis of pairwise

interaction energies and regarded as an elementary structural
block of a crystal packing, can be used as a mobile part in the
proposed model system. Being bound by symmetry operations,
the two neighboring layers are not necessary to complete the
information and to delete the equivalents (Figures 6a,b, S4).
The size of the fixed part ought to satisfy two conditions at the
same time: (a) to be large enough to represent the layer as best
as possible; (b) to be small enough so that the calculations of
the interaction energies would not be too expensive.

Obviously, the fixed part ought to contain all BUs belonging
to the first coordination sphere of the mobile part (Figure 6b).
This condition ought to be satisfied for the moving BU in all
points along the translation trajectory. To do so, the fixed part
constructed for the initial geometry should be repeated at least
twice in the direction of the mobile part displacement (light
green molecules on Figure 6c). Our preliminary modeling of
the mobile part translation in the [010] direction within the
(100) crystallographic plane has shown the presence of an
edge effect. The difference in interaction energies calculated for
the BU equivalent positions in relation to the center and edge
of the fixed part proved to be up to 0.5 kcal/mol (Figure S6).
To avoid edge effect on the calculated energies, the fixed part
was expanded by two initial fragments in each direction of the
mobile part displacement (red molecules on Figure 6c). The
final energy deviations due to the edge effect did not exceed
0.2 kcal/mol (Table S7, Figure S5).
As it was mentioned above, the plane of the easiest

deformation of a crystal structure may be recognized using the
analysis of pairwise interaction energies. To choose the
direction of the shear deformation within the layer, the
shortest interatomic distances between the mobile and the
fixed parts were estimated along the entire displacement on
one crystallographic translation in each of the possible
crystallographic directions. If during the translation in a
crystallographic direction, an interatomic distance in any point
is found to be significantly shorter as compared to the
corresponding van der Waals radii sum, this crystallographic
direction is excluded from further consideration. Due to the
extreme computational cheapness of such calculations, the

Figure 6. Algorithm of a shear deformation modeling: (a) fragment of a crystal packing containing two layered parts and a BU between them; (b)
fragment of one of the symmetry equivalent layers (fixed part) and BU (mobile part) belonging to the neighboring layer; and (c) shift of the BU in
relation to the layer fragment.

Figure 7. Energy profiles for the mobile part displacement in relation to the fixed part in the [001] direction along the (100) crystallographic plane:
the case of direct data order (a) and the overlay of the direct and inverted shift energy profiles (b). Data are shown for polymorphic structure I.
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distances were found in each one thousandth of a translation
(every 0.024 Å in the case of the longest unit cell parameter).
Since the sliding deformation was modeled as the displace-

ment of the mobile part in relation to the layer fragment as the
fixed part, it is necessary to define the step size of such
displacement. Being equal to the unit cell parameters,
translations in different crystallographic directions within the
same structure can have different absolute values (in
angstroms). Therefore, it is proposed to define the step size
as 1/n part of the corresponding translation. In order to
evaluate the effect of the step size, energy calculations were
performed for a number of geometries where the positions of
the mobile part with respect to the fixed part differ by one
hundredth of the corresponding translation (Figure S6, Table
S8). The error induced by the increasing step size has been
defined in comparison to the data obtained within the best
approximation. It is only 0.1 kcal/mol in the case of the step
size of one twentieth of the corresponding translation length. It
should be noted that the step size of one fiftieth caused a
slightly higher error value as compared to the step size of one
twentieth. Therefore, one-twentieth part of the translation was
identified as the most acceptable step size.
Each of the layers is not homogeneous and contains

alternating columns of strongly bound dimers with different tilt
in relation to the layer mean plane. It means that two types of
the BU with different tilt to the neighboring layer can be
chosen as a mobile part. To reflect simultaneously the
displacement of the BUs of both types in relation to the
same layer, the shift energy profiles acquired using all the
moments mentioned above should be inverted. In the case of
the one-dimensional shift, it is achieved by the reflection of the
initial curves in relation to the midpoint of the translation
(Figure 7). The energy barrier can be calculated as the
difference between maximal and minimal interaction energies
of the mobile and fixed parts along the translation path.
Verification of the Proposed Model by the Study of a

Shear Deformation in the Aspirin Polymorphic Struc-
tures I and II. To verify the proposed model, it was applied
for the study of a shear deformation in the well-studied
polymorphic structures of aspirin I and II. The main advantage
of these crystals is the availability of many experimental data
obtained for them by different methods.40−42

The (100) crystallographic plane was found to be the most
probable for a shear deformation in aspirin polymorphic
structures I and II. The analysis of minimal distances between
molecules of the mobile and fixed part along all the translation
trajectory showed that three crystallographic directions for the
BU displacement may be considered within this plane (Table
2, Figures S7−S9). At that, the shortest distances between
atoms were observed for the displacement in the [001]
crystallographic direction. The displacement in the [010]
crystallographic direction within the (100) plane was expected
to be more preferable due to larger values of minimal distances
between atoms (Table 2) in both polymorphic structures
under consideration. Such an expectation is also correlated
with the data of Burger’s vector calculations.40 Modeling of the
dimeric BU displacement in these crystallographic directions
allowed us to evaluate the shift energy barriers which proved to
be somewhat unexpected. The lowest energy barrier was found
for the displacement in the [001] crystallographic direction in
polymorphic structures I and II where the smallest value of the
minimal distances was found (Table 2).

To explain such an unexpected result, a detailed analysis of
relative positions of the BU as a mobile part and molecules
belonging to the layer as a fixed fragment along the translation
path was performed. It was found that the C−H···O hydrogen
bonds were formed during the translation process in both
model systems. However, these hydrogen bonds are different.
The methyl group of the BU interacts with the carbonyl group
of a molecule belonging to the layer fragment (the H···O
shortest distance is 1.95 Å) during the displacement in the
[010] crystallographic direction (Figure 8a). The displacement
of the BU in the [001] crystallographic direction results in
formation of the C−H···O hydrogen bonds between the
methyl group of a molecule belonging to the layer fragment
and the carbonyl group of a molecule belonging to the BU (the
H···O shortest distance is 2.36 Å) (Figure 8b). It may be
presumed that the formation of stronger hydrogen bonds
during the translation along the [010] crystallographic
direction results in the higher energy barrier.
Noteworthy is the fact that the systems have positive

interaction energies up to 7.0 or 4.4 kcal/mol in some area
during the translation of the BU in the [001] crystallographic
direction in structures I and II, respectively, and 11.7 or 10.5
kcal/mol during the translation in the [010] crystallographic
direction. Positive interaction energies are caused mainly by
strong repulsion between interacted fragments of a crystal
packing in unstable positions.
The crystallographic planes (001) and (−102) were

identified as alternative BSM2 in aspirin polymorphic
structures I and II (Table 1). Therefore, these planes may
be considered less preferable but possible for the deformation
of a crystal packing. Usage of the abovementioned method
showed that two crystallographic directions are available for a
shear deformation within each of these planes. This was based
on the data about minimal distances between atoms (Figures
S10, S11). However, energy barriers are very high for the
displacement in all these directions (Table 2), so a shear
deformation is hardly probable within crystallographic planes
(001) in polymorph I or (−102) in polymorph II.
It should be noted that a thorough study of polymorphs I

and II of aspirin using the nanoindentation method showed
that the (100) crystallographic plane and the [010] direction

Table 2. Minimal Interatomic Distances between Molecules
Belonging to the Mobile and Fixed Parts (Å) and Energy
Barriers (kcal/mol) for the Displacement of the BU in
Different Crystallographic Directions in Polymorphic
Crystals I and II of Aspirin

polymorphic structure I polymorphic structure II

crystallographic
direction

minimal
distance, Å

energy
barrier,
kcal/mol

minimal
distance, Å

energy
barrier,
kcal/mol

[010] (100) 1.61 22.1 1.69 20.9
[001] (100) 1.19 17.1 1.26 14.5
[011] (100) 1.46 35.8 1.30 52.4
[100] (001) 1.15 76.1
[010] (001) 1.41 61.6
[110] (001) 0.44a

[010] (−102) 1.41 58.2
[201] (−102) 1.07 91.2
[211] (−102) 0.62

aThe values highlighted in bold are too small which makes a shift of
the mobile part in that direction impossible.
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within it are the most probable for a shear deformation.40

Varughese and co-workers41 confirmed that the (100) is a slip
plane, but the most likely direction is [001]. Moreover, the
(001) crystallographic plane in polymorph I and (−102) plane
in polymorph II were determined as alternative ones for a
shear deformation.41 Thus, the results of our calculations
correlate well with the data obtained by the nanoindentation
experimental method. Therefore, the proposed method can be
used for prediction of mechanical properties of a crystal
structure. Moreover, the data of quantum chemical modeling
can solve the dispute about the most probable direction of a
shear deformation within the (100) crystallographic plane
which is in progress.48

Prediction of a Shear Deformation in Polymorphic
Structure IV of Aspirin. Polymorphic structure IV proved to
be metastable,49 which complicates the study of its properties
by experimental methods. The analysis of pairwise interaction
energies allowed us to separate out three possible types of
BSM2 (Table 1) among which layers parallel to crystallo-
graphic planes (100) and (001) are almost equivalent.
Taking into account the presence of two types of BUs (AA

and BB) in this structure, the calculations for a shear
deformation modeling were performed for each of them. The
analysis of minimal distances between atoms on the translation
path showed a high probability for displacement in the [010]
direction within each of the three possible crystallographic
planes (Tables 3, S9).

The lowest energy barrier (5.4 kcal/mol for AA basic unit or
5.6 kcal/mol for BB basic unit) was calculated for the
displacement in the [010] crystallographic direction within the
(100) crystallographic plane. The layers containing only one
type of the BUs were found to be parallel to this plane. The BU
displacement along the (001) crystallographic plane should
overcome the energy barrier which is almost twice as high (9.5
kcal/mol) compared to the lowest energy barrier. A detailed
study of two model systems (Figure 9) revealed that non-
directed interactions like hydrogen bonds are formed during
the displacement within the (100) crystallographic plane. The
displacement of the BU within the (001) crystallographic plane
results in formation of a very weak Car−H···O hydrogen bond
(the shortest H···O distance is 2.43 Å). It can be presumed
that formation of directional interaction results in increasing of
the shift energy barrier.
The displacement in the [010] crystallographic direction

within the diagonal (−101) crystallographic plane (Figure
S12) has the energy barrier which is very close to the one
within the (001) crystallographic plane. All the calculated
energy barriers in polymorphic structure IV are lower than the
smallest energy barrier in structures I and II. Moreover, the
highest interaction energy between the mobile and the fixed
parts during displacements in the [010] direction within any of
the three crystallographic planes is not positive, contrary to
those found in structures I and II. This means the absence of
any steric repulsion during the displacement of the AA or BB
columns (separated out as BSM1) in the [010] crystallographic
direction. These data confirm our classification of aspirin
polymorphic structure IV as columnar and may explain the low
stability of this crystal form.

■ CONCLUSIONS

A new method is proposed for the study of mechanical
properties of molecular crystals using quantum chemical
modeling. This method consists of two steps. In the first
stage, a study of the pairwise interaction energies was
performed. Based on calculated interaction energies, strongly
bound fragments of a crystal packing were separated out as
well as the planes for the easiest shear deformation. In the
second stage, one BU from the BSM2 as a mobile part and the
fragment of the neighboring BSM2 as a fixed part were used for
the simulation of shear deformation. The initial geometries of
all fragments of this model system were extracted from the
crystal experimental data. The analysis of minimal distances
between atoms of the mobile and fixed parts gives opportunity

Figure 8. Model system for the study of the dimeric BU displacement in relation to the layer fragment in aspirin polymorphic structures I and II:
(a) in the [010] crystallographic direction and (b) in the [001] crystallographic direction.

Table 3. Minimal Interatomic Distances (Å) and Energy
Barriers (kcal/mol) for the Displacement of the BU in
Different Crystallographic Directions in Polymorphic
Structure IV of Aspirin

AA basic unit BB basic unit

crystallographic
direction

minimal
distance, Å

energy
barrier,
kcal/mol

minimal
distance, Å

energy
barrier,
kcal/mol

[010] (100) 1.73 5.4 1.73 5.6
[001] (100) 1.28 22.8 1.28 23.3
[011] (100) 0.86 0.77
[100] (001) 0.37 0.37
[010] (001) 1.73 9.5 1.73 9.5
[110] (001) 0.32 0.87
[010] (−101) 1.82 8.8 1.82 8.4
[101] (−101) 0.32 0.17
[111] (−101) <0.01 0.14
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to define possible directions of the BU displacement with
respect to the layer. The mobile part was displaced with a
certain step size on one crystallographic translation, and the
interaction energies between it and the fixed part have been
calculated. The shift energy profile was constructed as a set of
interaction energies calculated at each of the points along the
translation. The energy barrier for the displacement of the
mobile part with respect to the fixed part was calculated as a
difference between the highest and the lowest interaction
energies on the displacement path.
The proposed algorithm was tested on the well-studied

polymorphic structures I and II of aspirin. It was revealed that
the [001] crystallographic direction within the (100) crystallo-
graphic plane is the most likely for a shear deformation. The
deformation in the [010] direction within the same plane
needs more energy due to the necessity to break C−H···O
hydrogen bonds formed between the mobile and fixed parts
during the translation. The results of our study correlate well
with the experimental data obtained by the nanoindentation
method for polymorphic structures I and II. Therefore, this
approach can be used to predict the mechanical properties of a
little studied structure. The corresponding analysis was carried
out for the newest aspirin polymorphic structure IV, which is
metastable and cannot be studied by experimental methods. It
was revealed that this structure is columnar. The most
probable direction of a shear deformation is the [010]
crystallographic direction within the (100) crystallographic
plane according to the smallest calculated energy barrier as
compared to similar values for the displacements in other
possible directions. The highest interaction energy during the
displacement in the [010] crystallographic direction proved to
be negative, which may explain the ability of polymorphic
structure IV to be destroyed easily.
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