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ABSTRACT: Crystalline aspirin has been shown to form two distinct polytypes, or polymorphs, that differ only in one unit-cell
dimension. The second polytype is metastable and has been proposed to convert to the original form through a one-dimensional
shear-slip mechanism. The feasibility of the {100}<001> shear-slip system, relating the two known aspirin forms, is examined
computationally by the use of periodic-boundary density-functional theory (B86bPBE-XDM). A low barrier of ca. 10 kJ/mol per
molecule is computed, which is estimated to be consistent with the observed interconversion rate, accounting for uncertainties in
the treatment of thermal effects. The barrier is shown to increase under applied pressure, explaining previous experimental
observations that compression of aspirin-II did not result in reversion to aspirin-I under the time scales considered. Finally, the
advisability of using aspirin, or other compounds that form similar polytypes, as tests of computational methods for studies of
polymorphism is discussed. Because of their high geometric similarity, both polytypes are predicted to be effectively degenerate
regardless of the treatment of intermolecular dispersion.

■ INTRODUCTION

Aspirin (o-acetylsalicylic acid)1 has received considerable
attention over the past decade, largely due to the prediction of
a second nearly degenerate polymorphic crystalline form2 and
the subsequent work leading to its isolation in “pure” form.3−7

This second form, further referred to as aspirin-II or form-II,
is nearly energetically degenerate to the first solved crystal
structure1 (aspirin-I or form-I), with the lattice-energy difference
between the two forms being less than half a kJ/mol.8,9

The structural differences between the two crystal forms are
subtle. In both forms, aspirin molecules are arranged in centro-
symmetric dimers, interacting via strong carboxyl O−H···O
hydrogen bonds, which are then arranged in bilayers propagating
along the bc-plane. The bilayers are periodically stacked along
the a-axis. Along the c-axis, neighboring dimers have alternating
orientations and are inclined with respect to the ac-plane.10,11

One of the key differences between the two forms, shown in
Figure 1a, lies in whether the pseudo-hydrogen-bonding C−H···O
motif between the interacting acetyl and carboxyl groups of two
neighboring bilayers along the b-axis is dimeric (form-I, inversion

centers) or catemeric (form-II, 21 screw axes).3,12 Indeed, these
similar interactions have been proposed as the reason for the
near-degeneracy of the two forms of aspirin. Form-I possesses the
more-favorable intramolecular conformation, while intermolecu-
lar C−H···O bonding cooperativity favors form-II.8 The other
difference lies in the observation that two neighboring layers of
aspirin dimers along the {100} plane are related by translation
of one layer relative to the other by (1/2)-c along the crystallo-
graphic c-axis, as shown in Figure 1b.4−7,11

The relationship between the two forms makes choosing the
proper unit cell crucial during refinement of X-ray diffraction
data, as was illustrated by an unsatisfactory analysis of the data
and the premature claim that aspirin-II could be prepared as a
stable crystalline solid.3,4 This was closely followed by a proposal
of an intergrowth structure for aspirin, in which domains of form-I
and form-II are present within the same crystal in variable ratios.5
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Crystal composition and disorder in these intergrowth structures
were later found to be detectable by the extent of diffuse scattering
and/or streaks in the diffraction patterns.5,10,13

The mechanical stability (or instability) of the two forms
has also been debated in multiple experimental3,6,7,11,14 and
computational2,14,15 studies. The initial prediction of the form-II
structure was accompanied by the calculation of a low shear
coefficient (using an analytic second-derivatives method for rigid
molecules and anisotropic atom−atom potentials as imple-
mented in the DMAREL crystal structure modeling program).16

This supported its mechanical instability and potential conversion
to form-I, if the latter turned out to be thermodynamically
favored.2 However, other studies of the elastic and thermal
properties,14 including density-functional computation of the
bulk and shear modulus values,15 have since showed no evidence
of shear instability.
In 2011, a method for the preparation of “pure” aspirin-II

(to the detection limit of the X-ray diffraction method used)
was reported by crystallizing aspirin in the presence of aspirin
anhydride.6 Studies of these single crystals at pressures of up to
2.2 GPa indicated no phase transition from form-II to form-I,
thus providing another piece of evidence for the mechanical
stability of the new form.6 A recent experimental study on the
behavior of both forms of aspirin under higher pressures was
conducted and coupled with micro-Raman spectroscopy.11

Echoing previously published results,6 no phase transition was
observed11 even upon application of pressures of up to 10 GPa
to aspirin-II crystals, which is consistent with the established
behavior of the CPA-A and CPA-C polymorphs of chlorpropa-
mide under similar conditions.17 However, the use of a nano-
indentation technique on these “pure” form-II crystals led to the

detection of form-I domains in some of the form-II crystals
produced.7 It was further noted that these crystals would
convert to aspirin-I over a period of several months through the
observation that characteristic peaks for form-II would disappear
over time in X-ray diffraction spectra of bulk powders stored
under ambient conditions. When subjecting these same crystals
to mechanical grinding (i.e., under the influence of shear stress),
quick transformation from form-II to form-I took place.7 This
implies that slip along the {100}<001> system in aspirin is the
most likely phase-transition mechanism between the two forms.
Additionally, calculations of attachment energies between
adjacent dimeric layers along the a-axis (using the Dreiding
force field model) also revealed the {100} planes to be the most
weakly bound and thus more susceptible to slip,7 in agreement
with previous models for calculating attachment energies in
organic solids.18

To summarize, the near-degeneracy of both forms of aspirin
and the evaluation of their thermodynamic stabilities8,9,15 sup-
ports the formation of intergrowth structures.5,19 It does not,
however, give sufficient foundation to explain the metastability
of form-II and its eventual conversion to form-I under ambient
conditions in the presence or absence of shear stress.7

Investigation of the potential ease with which interconversion
between polymorphic forms through slip systems along one
dimension (i.e., polytypes) can occur is necessary to better
understand this class of compounds.
In this work, we aim to resolve contrasting experimental and

computational results of whether or not form-II is mechanically
stable under compression or shear stress. The viability of the
{100}<001> slip mechanism is considered using periodic-
boundary density-functional theory (DFT). The barriers for
interconversion between the two forms, at equilibrium conditions
and under pressure, are calculated and related to the observed
conversion time.7 The limited applicability of near-degenerate,
layered (i.e., polytypical) systems, such as aspirin, as benchmarks
for polymorphism is also discussed.

■ METHODS
The crystal structures of aspirin-I and aspirin-II were retrieved from
the Cambridge Structural Database (CSD).20,21 These were fully
optimized using Quantum ESPRESSO22 version 5.1 with the projector
augmented-wave (PAW)method23 and the plane-waves/pseudopotentials
approach. The cutoff energy and density were 60 and 600 Ry, respectively.
A 2 × 2 × 2 k-point grid was used in all cases, for both the single cells and
doubled supercells (see below). The use of a denser 4 × 4 × 4 k-point
grid had no significant effect on the relative energies of the two forms
of aspirin. Specifically, for the single cells, we found an energy difference
of ΔEI→II = −0.29 kJ/mol per molecule with a 2 × 2 × 2 k-point grid vs
−0.31 kJ/mol per molecule with a 4 × 4 × 4 k-point grid.

Our calculations employed the B86bPBE functional24,25 with the
exchange-hole dipole moment (XDM) dispersion correction,26−28 in
which the dispersion energy is evaluated as a sum over all atomic pairs
and includes C6, C8, and C10 terms. The values of the two parameters in
the XDM damping function were set to a1 = 0.6512 and a2 = 1.4633 Å.
To account for thermal effects in both forms of aspirin, the phonon
frequencies at Γ and the corresponding phonon density of states for
the relaxed structures were calculated using the phonopy program.29

The vibrational Helmholtz free energies were evaluated in the harmonic
approximation. Additional phonon calculations were performed on
the equilibrium geometries of aspirin-I and aspirin-II to assess the
convergence of the relative free energies of the two forms at 298 K with
respect to finer sampling of the phonon density of states. The elastic
constants,Cij, and the associated Voigt-averaged shear and bulk moduli

30

were determined from a stress-strain methodology outlined in ref 31.

Figure 1. Key structural differences between the two forms of aspirin.
(a) Dimer/catemer motifs viewed along the b-axis. (b) 2D bilayers of
aspirin dimers viewed along the c-axis. The red and blue lines highlight
the different molecular orientations with respect to the ac-plane.
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The unit cell (Z = 4) of aspirin-I was doubled along the <100>
direction in order to investigate the {100}<001> slip mechanism. In this
supercell, one layer of dimers was translated relative to the other in
increments, δc, of (1/20)c (c being the lattice parameter of the unit cell)
along the <001> direction up to (1/2)c, i.e., resulting in a supercell
of form-II. Each intermediate structure along the reaction coordinate
was then optimized, allowing for relaxation of the cell. The incremented
scan coordinate (the crystallographic <001> direction or the equivalent
Cartesian z-coordinate) was frozen so as to avoid reversion to either
form-I or form-II upon optimization. Because of this, the described
procedure was performed starting from an aspirin-II supercell as well,
in order to ensure that there was no bias due to constraints imposed by
the choice of initial geometry during optimization.

■ RESULTS AND DISCUSSION
Relative Energetics. The experimental sublimation enthalpy

is only available for aspirin-I,9,32 so there is no reference data for
the lattice-energy difference between the two forms. The lattice
energy of aspirin-I obtained with the XDM-corrected periodic-
boundary DFT approach, shown in Table 1, is in fairly good

agreement with the experimental result33 (back-corrected for
thermal effects) and the best reference RI-MP2 results,8 further
supporting the good performance of DFT-XDM for molecular
crystals seen in previous works.28,34 Additionally, the computed
structural parameters (shown in the Supporting Information) are
well within typical deviations from experimental data20 given that
thermal and vibrational contributions have been neglected.8,15,35

As shown in Table 2, aspirin-I is predicted to be 0.3 kJ/mol
per molecule less stable than aspirin-II with B86bPBE-XDM.
Including zero-point vibrational energies decreases this differ-
ence slightly by 0.1 kJ/mol. These results compare well with
previous predictions using RI-MP2,8 MP2C,9 and PBE with both
the TS and many-body dispersion corrections.15 Like PBE-TS,
B86bPBE-XDM predicts form-II to be marginally more stable,
while the RI-MP2 calculations slightly favor form-I. However,
it is not within the scope of this paper to establish the relative
stability of these nearly degenerate forms to a sub-kJ/mol
accuracy. Small deviations of the computational results from
the nominal ordering of the two forms (ΔEI→II > 0, i.e., form-I
energetically favored) are certainly within the expected errors
of the methods used.
Additionally, the thermodynamic preference for form-I

has recently been attributed to thermal effects from the lattice
vibrations, due to a change in the C−H···O pseudo-hydrogen-
bonding motifs between dimeric layers along the {100} plane.15

Accounting for thermal effects with B86bPBE-XDM and phonons
calculated at the Γ-point resulted in a predicted free-energy

difference of 0.3 kJ/mol per molecule at 298 K, with aspirin-I
now more stable than aspirin-II, following the experimental
preference. Results given in the Supporting Information show
that the computed thermal correction is well converged with
respect to phonon sampling in the a- and c-directions. However,
convergence with respect to sampling in the b-direction is much
slower, and the value of the thermal correction is not converged
even with a 1 × 4 × 1 q-point grid. We also note that the
b-direction is the one in which the unit cell is narrowest and that it
is also the direction in which the C−H···O pseudo-hydrogen
bonds are oriented. In light of these results, there remains a
fairly large uncertainty of as much as ±1 kJ/mol per molecule
associated with the calculation of the thermal correction.
Given the high similarity of the packing arrangements and

intermolecular interactions in the two forms, it is no surprise that
most computational methods correctly predict them to be nearly
degenerate. Indeed, in many of the cases shown in Table 2, this
is likely fortuitous rather than a result of an accurate treatment
of all intermolecular interactions in the lattice. In particular, the
result from the B86bPBE base functional alone is already in
good agreement with RI-MP2, despite the necessity of including
the dispersion correction to obtain a reasonable lattice energy
(the base-functional contribution to the lattice energy is only
−26.1 kJ/mol for aspirin-I). High geometrical similarity will
necessarily result in near energetic degeneracy, similar to what
is seen for ABCABC versus ABAB stacking in graphite.37,38

Such polytypes will be predicted to be nearly degenerate with
virtually all theoretical treatments, regardless of their treatment
of intermolecular interactions, and are therefore not recom-
mended benchmarks for computational approaches to polymorph
ranking.
Finally, the elastic coefficients, along with the Voigt-averaged

bulk and shear moduli, KV and GV, respectively, have been
computed for both aspirin-I and aspirin-II and are given in
the Supporting Information. The values found for the moduli of
both forms are effectively the same as those previously calculated
at the PBE-TS level of theory.15 These results support the

Table 1. Lattice Energies, Elatt in kJ/mol per Molecule, of
Form-I Aspirin From Various Theoretical Methods. The
Experimental Value at 0 K is Also Shown

method Elatt ref

RI-MP2/aDZa −113.7 8
RI-MP2/aTZa −132.1 8
SCS(MI) RI-MP2/aDZa −132.5 8
SCS(MI) RI-MP2/aTZa −135.6 8
MC MP2C −116.1 9
B86bPBE-XDM −124.2 herein
experiment −115.0b 33

aThe RI-MP2 calculations used the many-body expansion. aDZ and
aTZ indicate the aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively.
bThis value was obtained based on the heat of sublimation of form-I of
−109.7 ± 0.5 kJ/mol at 298 K.32

Table 2. Relative Energies, in kJ/mol per Molecule, of the
Two Forms of Aspirin Using Selected Levels of Theorya

method ΔE ΔG (0 K) ΔG (298 K) ref

QM/MM −0.2 2
COMPASS MM −1.2 14
B3LYP-D/6-31G(d,p) −2.5 36
B3LYP-D/6-311G(d,p) −1.9 36
B3LYP-D*/6-31G(d) −2.5 8
B3LYP-D*/TZP −1.4 −0.4 8
RI-MP2/aDZb 0.2 −0.2 8
RI-MP2/aTZb 0.1 −0.3 8
SCS(MI) RI-MP2/aDZb 0.1 −0.3 8
SCS(MI) RI-MP2/aTZb 0.0 −0.4 8
MC MP2C −0.1 9
PBE-TS −0.2 −0.4 −0.7 15
PBE-MBD 0.0 0.4 2.6 15
B86bPBE 0.2 herein
B86bPBE-XDM −0.3 −0.2 0.3 herein

aΔE corresponds to the difference in electronic energies between
forms II and I, i.e., ΔE(I→II) = EII − EI, whereas ΔG(0 K) and ΔG(298 K)
correspond to the sum of the electronic energy, Eel, and the zero-point
vibrational energy at 0 K, and to the sum of electronic energy with an
additional thermal free-energy correction at 298 K, respectively. bThe
RI-MP2 calculations used the many-body expansion. aDZ and aTZ
indicate the aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively.
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mechanical stability of both forms, as stated in previous
studies,14,15 and indicate that both forms are global or local
minima on a corresponding potential energy surface (PES).
However, while apparently stable under application of high
pressures,6,11 aspirin-II is reported to be unstable with respect to
shear stress and converts to aspirin-I after several months under
ambient conditions.7 This implies a relatively low barrier for
interconversion via a shear-slip mechanism.
Slip Mechanism. The results of the PES scan for the

{100}<001> slip mechanism are presented in Figure 2a.
The barriers going from form-I to form-II, and vice versa, are
predicted to be 10.7 and 10.0 kJ/mol per molecule, respectively.
The difference between the two barriers is due to the slightly
different geometries arising from the constraining procedure
employed to calculate the PES energies.
The transition state along the PES scan is located at approxi-

mately δc = (3/10), slightly skewed toward aspirin-II. This can
be explained by the changing intermolecular interactions
while sliding one layer along the <001> direction, as shown in
Figures 2d and 3. First, consider aspirin-I as the starting point.
In this form, the acetyl groups of aspirin interact via stabilizing

dimeric C−H···O interactions. As the top layer of aspirin-I slides
along the <001> direction, these interactions are weakened
(depicted by the O1−C1′ distance in Figure 2d). This destabili-
zation is eventually offset when the acetyl groups are brought
closer to those of the neighboring molecules (O1−C2 in
Figure 2d), forming the catemeric C−H···O interactions seen
in the aspirin-II crystal structure. The magnitude of the barrier
is reasonable in light of the fact that two C−H···O pseudo-
hydrogen bonds are broken en route to the transition state.39

For comparison, the binding energy of the formaldehyde
dimer, which is bound by two analogous C−H···O interactions
(albeit with sp2 rather than sp3 carbons) is 14.3 kJ/mol.40 Thus,
the predicted barrier of ca. 10 kJ/mol per molecule is well within
the realm of the expected interaction strength.
In order to further validate the results obtained with the

constrained PES scan, the Nudged Elastic Band method with the
Climbing-Image option enabled41,42 (CI-NEB) as implemented
in Quantum ESPRESSO22 version 5.1 was used. An advantage to
the CI-NEB method is that the points are optimized along the
minimum-energy path (without reversion to the local minima),
while the PES scan constrains optimization along the c-axis.

Figure 2. {100}<001> Slip mechanism in aspirin. δc is the slip increment along the <001> direction and is the fraction of the lattice parameter c by which
both dimer layers {100} are offset. (a) PES scan for the interconversion between the aspirin-I (δc = 0) and aspirin-II (δc = (1/2)) crystal structures.
XDM-corrected energies are given relative to aspirin-I. (b) Variation of the unit-cell volume, relative to aspirin-I, during the phase transition.
(c) Minimum-energy path located for the slip mechanism using the CI-NEB method. (d) Distances between key interacting functional groups during
the phase transition from aspirin-II to aspirin-I. Atom labels are shown in Figure 3.
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However, the NEB method implemented in Quantum
ESPRESSO does not allow for variable-cell relaxation (note that
a method allowing for variable-cell relaxation with the use of the
NEB method has recently been implemented elsewhere.43). The
CI-NEB results shown in Figure 2c clearly reflect the same features
of the reaction energy profile and essentially predict the same
barrier, as with the constrained PES scan. The resulting barriers are
10.6 kJ/mol (I→II) and 10.3 kJ/mol per molecule (I←II) using
11 points along the minimum-energy path. The difference
between the two barriers is due to the fixed unit-cell geometries.
Lastly, we consider whether the predicted barrier height for the

{100}<001> slip mechanism is consistent with the experimental
observation that aspirin-II crystals, roughly 0.1 mm in size, trans-
form to aspirin-I over a period of several months under ambient
conditions.6,7 Using a kinetics model for an upper bound to the
conversion time for an ideal crystal via plastic deformation,44

it can be shown that the time required for a complete conversion
of an ideal crystal, with dimension c ̃ along the crystallographic
c-axis, is given by

κ
= ̃ − Δ −

Δ⎜ ⎟⎛
⎝

⎞
⎠t

c
c

h
k T

G
RT

1 e G
2

B

1
/RT

In this equation, ΔG is the free energy of activation for con-
version of form-II supercells to form-I supercells. h, kB, R, and T
are Planck’s constant, Boltzmann’s constant, the gas constant,
and the temperature, respectively. κ is the transmission co-
efficient, assumed to equal unity.
The calculated barrier for the slip mechanism in aspirin is

80 kJ/mol for the supercell composed of 8 molecules. However,
the calculated barrier is the electronic-energy barrier. Estimation
of the free-energy correction at the approximate transition state
(δc = (3/10), by calculation of the phonon frequencies at Γ,
reduces the barrier to 76 kJ/mol. For a crystal measuring 0.1 mm
along the c-axis, this would translate to a period on the order of
27 years to undergo complete conversion. The crystal size of
0.1 mm was taken from nanoindentation experiments,7 but
conversion is observed for a bulk powder. Considering crystal
grains a quarter or a fifth of the 0.1 mm size would reduce the
estimated time scale to a more realistic period of ∼1−2 years.
Additionally, we note that there is significant uncertainty in the
predicted thermal correction (potentially as large as ±8 kJ/mol
for the supercell), due to the slow convergence of the phonon
density of states with respect to sampling along the b-axis as
discussed above. Given the exponential dependence on the

Figure 4. {100}<001> Slip mechanism in aspirin under varying pressures. (a) PES scan for the I←II phase transition between the aspirin-I (δc = 0) and
aspirin-II (δc = (1/2)) crystal structures for various applied pressures. Energies are given relative to aspirin-I. (b) Variation of the unit-cell volume,
relative to aspirin-I, during the phase transition.

Figure 3. Variation in intermolecular interactions between the acetyl groups of aspirin during the phase transition of aspirin-I to aspirin-II via the
{100}<001> slip mechanism.
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free-energy barrier, the experimental conversion time falls well
within the expected uncertainty of our calculation.
Applied Pressure. Finally, we comment on the high-pressure

studies performed on the aspirin-I and aspirin-II crystals.6,11

These studies established that no phase transition from aspirin-II
to aspirin-I occurs under high pressures (hydrostatic conditions,
up to 10 GPa). These works were partly motivated by the
assumption that high pressures would promote conversion of
aspirin-II to aspirin-I given that the former has a slightly larger
unit-cell volume at room temperature.7,45 As our results have
shown (Figure 2b), interconversion between the two forms is
accompanied by an expansion of the unit-cell volume by ca. 25 Å3

at the highest-energy point on the reaction path, which does not
support this assumption. However, these results were obtained
under normal pressure conditions. Conducting the same PES scan
under various applied pressures (ranging from 0.5 to 12 GPa)
yields the results depicted in Figure 4.
The shear-slip (electronic) energy barrier increases from

ca. 10 kJ/mol per molecule, with no applied pressure, up
to a maximum value of ca. 18 kJ/mol per molecule at 7 GPa
(Figure 4a). This is expected on the basis that the key interacting
groups at the slip interface are brought closer together due
to compression and is typical of sliding processes under applied
load.46,47

Figure 4b shows that a local minimum in the relative unit-cell
volume begins to develop near δc = (1/4), as the applied pre-
ssure increases. This corresponds to the region where each
aspirin dimer of one layer along the a-axis falls exactly midway
between two aspirin dimers of the adjacent layers, allowing for
further compression along the <100> direction. Additionally,
as the applied pressure surpasses 7 GPa, the energy barriers begin
to decrease, which is likely due to this “interlocking” of layers.
Further increases in pressure will cause greater destabilization
of the C−H···O dimer and catemer interactions at δc = 0 and
δc = (1/2) than the interlocked contacts in the region of the
transition state.
Despite the complex dependence of the shear-slip barrier on

applied pressure, none of the barriers computed for pressures of
up to 12 GPa fall below the barrier predicted under ambient
conditions. This indicates that application of hydrostatic pressures
will delay, rather than promote, the conversion of aspirin-II to
aspirin-I crystals. Thus, it is no surprise that the previous high-
pressure experiments6,11 did not reveal any indication of a phase
transition between the two forms. To verify the validity of this
claim would require keeping crystals of form-II aspirin under
high pressures for periods longer than what was reported for the
eventual conversion of the crystals under ambient conditions.6,7

■ CONCLUSIONS
In this work, dispersion-corrected density-functional calculations
were performed to investigate the relative stabilities of two
polytypes of aspirin and the shear-slip mechanism for their
interconversion under equilibrium conditions and under
pressure. The barrier calculated with B86bPBE-XDM for the
conversion between aspirin-I and aspirin-II is approximately
10 kJ/mol per molecule. Given the uncertanty in the computa-
tion of the thermal correction and the limitations of the kinetics
model, this value is consistent with the observed conversion
rate between the two forms of several months to a year, which
is accelerated when subject to shear stress.7 Additionally, the
computed barrier generally increases under compression, and
the lowest barrier is found at zero pressure. This result explains
the observed lack of conversion between aspirin-II and aspirin-I

under hydrostatic pressures up to 10 GPa within the limited time
scales of the experiments.6,11

We propose that nearly degenerate structures that are related
by polytypism, such as the two forms of aspirin, are not good
tests of the accuracy of computational methods for polymorphm
ranking. Given the very subtle structural differences, and thus
small energy differences, between the structures being compared,
almost all density functionals, even without dispersion corrections,
predict a small energy difference between the two forms. Whether
or not the nominal ordering is obtained is likely to be accidental.
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