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1. Introduction

Examination of inequivalent wetting on the crystal
habit surfaces of RS-ibuprofen using grid-based
molecular modelling

. Rosbottom, (2 *@ J. H. Pickering, B. Etbon,® R. B. Hammond® and K. J. Roberts®
Synthonic engineering tools, including grid-based searching molecular modelling, are applied to investigate the
wetting interactions of the solute and four crystallisation solvents (ethanol, ethyl acetate, acetonitrile and
toluene) with the {100}, {001} and {011} forms of RS-ibuprofen. The grid-based methods, in particular the
construction of a crystal slab parallel to a given plane in a coordinate system with one axis perpendicular to the
surface, are defined in detail. The interaction strengths and nature (dispersive, hydrogen bonding (H-bonding) or
coulombic forces) are related to the crystal growth rates and morphologies. The solute is found to interact
strongest with the capping {011}, then the side {001} and weakest with the top {100} habit surfaces. The solute
interactions with the {100} and {001} surfaces are found to be almost solely dominated by dispersive force
contributions, whilst the same with the {011} surfaces are found to have a greater contribution from H-bonding
and coulombic forces. The increased surface rugosity, at the molecular level of the {011} surfaces, results in a
favourable docking site in a surface ‘valley’, not present in the {100} and {001} surfaces. The H-bonding solvents
ethanol, acetonitrile and ethyl acetate are found to strongly interact with the {011} surfaces and weakly with the
{001} surfaces, with the {011} interactions having a much greater contribution from H-bonding and coulombic
forces. The interaction energies of the apolar and aprotic solvent toluene, with the {011} and {001} surfaces, are
found to be very close. Toluene is found having slightly stronger interactions with the {001} than the {011}
surfaces, which are all dominated by dispersive interactions. The ratio of the average energy of the top 100
solvent interactions with the {001} surface divided by the average energy of the top 100 interactions with the
{011} surface is compared to the ratio of the experimentally measured growth rates of the same forms. In
general, the interaction energy ratio is found to have an inverse ratio with the growth rates, implying that the
solvents which are calculated to interact strongly with a particular surface are impeding the growth of that
surface and reducing the growth rate, in turn impacting upon the final morphology of the material.

compression and granulation.® Since the experimental screening
of crystalline morphologies from a variety of solvents can be

It has been frequently observed that not only can the different
surfaces of organic molecular crystals grow at different rates,
but that these face-specific growth rates can vary depending on
the solvent from which the material is crystallised, thus impact-
ing upon the solvent dependent crystal morphology.’™ For
example, in the case of needle-shaped crystals where the faces
forming the ‘tip’ of the needle (capping faces) grow very much
faster than the rest. Such undesired morphologies can usually
cause problems for the downstream unit processes associated
with pharmaceutical product manufacture, such as filtration,
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expensive, time consuming and environmentally unfriendly, predic-
tive computational techniques can be exploited to guide the solvent
selection for crystallisation, such that an optimal crystal morphology
for downstream processing can be produced.

Bennema and van der Eerden, upon examination of the inter-
facial forces associated with crystallisation from solution, derived a
molar enthalpy (AH(T)g;ss) associated with the making and break-
ing of the intermolecular forces (®;) over all the molecules of i
associated with the crystallisation process,” expressed as:

AH(T)ge = NS [0 —05(af +0)] (1

where ff, 6f and 06 refer to fluid—fluid, solid-fluid and solid-solid
intermolecular interactions associated with crystal growth respec-
tively, N is Avogadro’s number and 7 is the total number of bonds

This journal is © the Owner Societies 2018


http://orcid.org/0000-0001-6342-3973
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp08354h&domain=pdf&date_stamp=2018-03-14
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cp08354h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP020017

Open Access Article. Published on 17 April 2018. Downloaded on 4/3/2026 4:51:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

of the structure in n different directions. These interactions are
formed or broken at the crystal/solution interface during crystal
growth. Three major assumptions are used when applying this
theory to the crystal growth of practical systems.

(1) Equivalent wetting - it is assumed that solid—fluid
interactions at the crystal/solution interface are equivalent to
the solid-fluid interactions in the bulk solution (&% = 0°f),
where sf refers to solid-fluid interaction in the bulk liquid
phase. Hence, this assumes that the solvent impacts on the
growth of each surface (hkl) equally.

(2) Surface/bulk structure equivalence - it is assumed that
the molecular structure of the crystal surface is a perfect
termination of the bulk structure and that no surface relaxation
of the molecular structure takes place, therefore @ = 6%
where the superscript ss refers to the intermolecular interac-
tions in the bulk crystal structure.

(3) The proportionality relationship - it is assumed that the
three bond energies involved in crystallisation o off and o2 are
in the same ratio for any crystal surface (kkl) i.e. the structural
and surface chemistry is not anisotropic.

The bulk and surface physical properties of a molecular
crystal can be predicted, using Synthonic Engineering tools,"
through a calculation of the bulk (intrinsic synthons) and surface
terminated (extrinsic synthons) intermolecular interactions and,"*™*
often achieved by using a suitable interatomic potential.>®
Similarly, applying the three assumptions previously mentioned,
the surface properties (including crystal morphology) can be
predicted through attachment energy calculations.">**'7~>*

The attachment energy theory has been effectively used to
predict the crystal morphology of crystals formed in a vacuum
or at low driving forces from solution."” However, the enhanced
supersaturations that are often employed in solution crystal-
lisation and variations in crystalline surface chemistries, can
result in different crystalline surfaces growing according to
different growth mechanisms, which can strongly impact upon
the resultant ‘as grown’ crystal morphology.'***3

Though there has been some evidence for some surface recon-
struction of conformationally flexible molecules,” the surface to
bulk equivalence assumption has been effectively used to model
the crystal morphology of organic materials.">'*"****” However,
molecular modelling techniques have been developed to calculate
bulk solution and interfacial intermolecular interactions of a
crystal in contact with a solution,”®*?® hence attempting to address
the equivalent wetting and proportionality assumptions.

Molecular dynamics (MD) simulations can be effective in
predicting the de-solvation of a crystal surface, de-solvation of
the solute from the bulk solution and the docking and integra-
tion of the solute into the crystal surface.’*> However, the
challenges of running physically realistic MD simulations and
their high computational costs, makes it difficult to apply MD
to a wide range of systems. MD simulations typically require
multiple equilibration steps prior to sampling, and in the
sampling can take hours or days to capture statistically sig-
nificant data which usually requires expert analysis of the
atomistic trajectories. However, it is important to consider that
these simulations can provide detailed molecular behaviour at
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the crystal solution interface, which can impact upon not only
crystal growth kinetics, but also secondary nucleation.

Hence, more computationally efficient methods have been
applied to calculating the solvent-dependent morphologies
of organic materials.>***7> In particular, the development of
grid-based searching methods at the single molecule and
crystal surface level has been effective in the modelling of
crystalline properties, such as solving structures from powder
X-ray diffraction data,*® solvent-dependent crystal morphologies,**’
impurity segregation®”?*® and excipient interactions with active
pharmaceutical ingredient crystals.>® By comparison, although
the grid based search methods use a more approximate approach
of the solution-surface interactions, these simulations require only
a molecular structures of the host and probe species, whereby the
simulation often takes minutes on a laptop computer, and
the outputted data requires no further processing. Hence, in this
respect grid based search methods compliment MD simulations,
providing a means of quickly assessing solvent wettability and
potentially guiding the modeller regarding which solvents to run
more complex simulations on.

Though these computationally efficient simulation methods
have shown some success in predicting the solvent dependent
morphologies of stable and facetted materials, it has proved
difficult to develop a robust technique for predicting the
solvent-dependent behaviour of needle-like crystals. A signifi-
cant factor in this reflects the unstable nature of the growth of
these materials along the needle-axis.*®*"

RS-ibuprofen is a non-steroidal anti-inflammatory drug that
is widely used in the treatment of pain, fever and inflammation.
It has a well characterised needle-like crystal morphology** and
surface chemistry,?® though its crystal morphology and surface
specific crystal growth rates can be significantly influenced by
solvent selection.” This overall issue is addressed in this paper,
which examines the interactions of ethanol (EtOH), ethyl
acetate (EtOAc), acetonitrile (ACN) and toluene (Tol) with the
morphologically important surfaces of RS-ibuprofen using the
grid-based systematic search method. This analysis is coupled
with the calculations of the solute interactions with the crystal
surface and linked to its overall crystal morphology and growth
rates when crystallised from these four solvents.

2. Computational modelling
methodology

It should be noted that subsets of the faces in a morphology are
related by symmetry into forms,** all the faces within a form
will have the same surface chemistry. The significant forms for
RS-ibuprofen are {100} = {(100), (—100)}, {011} = {(011), (01—1),
(0—11), (0—1—1)} and {001} = {(001), (00—1)}.

2.1. Creation of surface terminated slabs from crystal structure

The basis vectors for a direct-space unit cell may be subjected
to a change in length and/or orientation using the linear
transformation indicated by eqn (2)

(@', b, ¢')=(a, b, c)P 2)
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where a’, b’ and ¢’ are the transformed basis vectors and P
is a (3 x 3) matrix describing the linear transformation.
This assumes there is no shift in origin accompanying the
transformation.

Similarly the basis vectors for a reciprocal-space unit cell
may be subjected to a change in length and/or orientation
using the linear transformation indicated by eqn (3)

(a*, b¥, ' = Q(a*, b*, ¢*)" (3)

where a*’, b*" and c¢*’ are the transformed basis vectors and Q is
a (3 x 3) matrix describing the linear transformation. Again
this assumes there is no shift in origin accompanying the
transformation.

Now for a given crystal lattice the matrices P and Q are
related as matrix and inverse matrix hence eqn (4).

P=Q! (4)

The matrix of geometrical coefficients (metric tensor) or metric
matrix of a direct lattice, G, is given by eqn (5).

a-a a-b a-c
-a b-b b-c (5)

c-a ¢-b c-c

If the orientation and lengths of the direct-space basis vectors
are transformed by defining a linear transformation in terms of
the matrix P, then the metric matrix of the transformed direct
lattice, G, is given by eqn (6). Alternatively this may be written
in terms of the matrix Q according to eqn (7).

G’ = PGP (6)
G = (Qfl)TGQfl (7)

Given that a slab representative of the termination of a crystal
with a Miller index (% k [) is to be constructed, it is desirable to
align the direction normal to the reciprocal lattice plane (& k )
with one of the Cartesian axis directions. Here the Cartesian
X direction is chosen and aligned with the vector a* of
the transformed reciprocal-lattice unit cell. To carry out the
required linear transformation of the original reciprocal lattice
the matrix Q has the form given by eqn (8). The inverse of the
matrix Q, which is equivalent to the transformation matrix, P,
for the direct lattice, is given by eqn (9) with the elements of the
matrix P as indicated in eqn (10).

h k /
Q=|0n On Ox (8)
O QOn 0On
02002 — 02303 03— kO3 kO — 102
Q'= ﬁ 023031 — 021033 h033 — 1031 1021 — hQ»3
02103 — 020351 kQ31 —hQ3xn  hQ» — kO
©)
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Py Py Pp
P=| Py Pxn Py (10)
P31 Py Py

In selecting this particular transformation of the reciprocal and
direct lattice, the appropriate choice of transformation between
the crystallographic and Cartesian coordinate frames requires
the transformed reciprocal cell directions, a*’, and, b*’, to be
in the Cartesian XY plane (with a*’ and X aligned) and the
transformed direct cell directions, b’, and, ¢/, to be in the Cartesian
YZ plane (with ¢/ and Z aligned). Hence, given this choice, the
matrix, M, for the conversion of fractional to Cartesian coordinates
is given by eqn (11).

asin fsin y* 0 0

M= | —asinficosy* bsina 0

(11

acos f§ bcoso ¢

The algorithm employed for selecting the second and third rows of
the transformation matrix Q, defined by eqn (8), is designed to
ensure, where possible, that the angle between the transformed,
direct-space unit-cell vectors, b’, and, ¢/, which is ¢/, is equal to 90°.
These vectors are confined to the Cartesian YZ plane and define
the crystallographic reticule of the surface in the transformed
direct lattice. The scan of the probe across the surface in the
grid-based search is confined to a single reticule with a reticular
area [b'[|c/|V'1 —cos?o/. If the original direct space lattice has
mutually orthogonal unit cell edges then the metric tensor, G,
has the form given by eqn (12). Then the product of the matrices G
and P is a matrix of the form given by eqn (13). For the angle o’ in
the transformed direct lattice to be equal to 90° then eqn (14) must
be satisfied.

Gy, O 0
G=| 0 Gn 0 (12)
0 0 Gxi
GuPu GuPr GnPp
GP = | GnpPy GnPn GnPx (13)
GuPy GuPn GnPy

Ga3' =b'c' cosa’ = (PT)Z_]{GP)ZB = P15G11P13 t PyGpoPo3 + P3G33P33= 0
(14)

By equating the corresponding elements of the matrices given
in eqn (8) and (9) a set of conditions is computed for which
eqn (14) is satisfied. For cubic and tetragonal crystal systems an
appropriate choice of the second and third rows of the matrix Q
is possible to satisfy eqn (14) in the general case of a surface
(7 k 1) however this is not the case for the orthorhombic crystal
system. The hexagonal (rhombohedral), monoclinic and triclinic
crystal systems are characterised by matrices G with non-zero
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off-diagonal elements leading to more complex forms for
eqn (13) and (14).

2.2. Stable surface termination selection

The lattice energy, along with the slice and attachment energies,
was calculated in HABIT98 using a method outlined in previous
publications."®?® The most stable surface termination was deter-
mined by shifting the surface termination by 0.1 d-spacing (duz)
through one full d-spacing, and the termination with the lowest
absolute value of attachment energy was assumed to be the most
stable surface termination.

2.3. SystSearch of the morphologically important surfaces

SystSearch, short for systematic surface search, is a software
package developed at the University of Leeds,** for calculating
the rigid body interaction energies between probe molecules
and crystal surfaces. The interaction energies are found by
locating the probe at points in a grid on and above the surface.
At each grid point the probe is rotated through a grid of points
in a rotational space of Euler angles. Finally, at each point in
the six dimensional combined spatial-rotational grid, the inter-
action energy between the surface and the probe is calculated.
The calculations of the interaction energies were carried out
using a rigid body method, with no surface relaxation, using
the Dreiding II'® atomic force field, and electrostatic potential
energies based on partial charges calculated using the Gasteiger
method.**® The Dreiding forcefield contains separate functions
for calculating the van der Waals (dispersive), hydrogen bonding
(H-bonding) and coulombic interactions, hence the contribution
of each type of interaction to the intermolecular interaction can be
quantified.

The spatial part of the grid will generally cover one recti-
linear area (projection of unit cell on a plane). However, the
slab is built of multiple unit cells, which surround the central
unit cell where the grid is positioned above. Construction and
search of just a single cell could result in unphysical edge
effects, since the structure continues into multiple unit cells in
reality. Therefore, when the probe searches the outer edges
of the unit cell, the interactions with the molecules in the
surrounding unit cells are also calculated to ensure that the
search calculates all possible interactions with the fully periodic
surface.

Internally SystSearch operated by following the following
four stages.

(1) All the atoms in the crystal molecules and the probe must
be given a type, with respect to the chosen inter-atomic
potential. They must also be given a partial charge using the
Gasteiger algorithm.

(2) A slab, representing a crystal face, must be constructed
using the methods described in Sections 2.1 and 2.2. The
thickness and termination of the slab can be defined by the
user in terms of fractions of d-spacing.

(3) The probe will have been input in an unknown coordinate
system, not related to the crystal or slab systems, and as a result
the probes coordinates must be unified with those of the slab. Also
the coordinates must be unified in a manner such that if the same
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probe molecule is input in two different coordinate systems, it will
yield the same results. To achieve this, the following two steps are
used. The centre of coordinates is calculated and the atoms in the
probe shifted to new coordinates based at the centre of geometry.
Second the inertia tensor of the probe is calculated, then the
eigenvectors and eigenvalues of the tensor are found. The
atoms coordinate are now transformed to the coordinated
based on the eigenvectors taken in descending order of the
size of the eigenvalues.

(4) The probe is now translated to each spatial point, at each
of which it is rotated into each point in the rotational grid.
At each point in the spatial-rotational grid the interaction
energy is found by summing the interatomic energies of each
atom of the probe with every atom of the molecules in the slab.
The summation is shown in equation N.

The summation of the interaction energy Ej,. for an inter-
atomic potential V is given by the following equation.

Nprobe Nmols Natoms

En= Y Y. > Vi

=1 =1 k=1

(15)

In which Npobe is the number of atoms in the probe, N5 is
the number of molecules in the slab, and Nytoms is the number
of atoms in the jth molecule of the slab and V is the interatomic
potential used to calculated the intermolecular interaction strength.

An example of the functional form of the interatomic
potential published by Mayo and co-workers'® is shown in
eqn (16). The vdw, hydrogen bonding and electrostatic inter-
actions between atom i in the origin molecule and atom j in all
of the other surrounding molecules is calculated as follows:

El = <D0 P2 —2p% + <Dhb [S(th/RDA)12*6(th/RDA)10

x cos*(Opua) + ((332.0637)0,0;/€ Rz‘i)))
(16)

Where D, is the van der waals energy well depth for the specific
interaction, p is R/R, where R is the distance between the
interacting atoms and R, is the optimal distance between the atoms,
Dy, is the H-bonding well depth (the depth of —7 keal mol " is used
as the Gasteiger charges are used), Ry, is the optimal distance for
H-bonding atoms, Rp, is the distance between the donor and
acceptor atoms for the specific interaction, 0pys is the angle
between the H-bond donor and acceptor atoms, Q; and Q; are
the Gasteiger partial charges on atoms i and j, € is the dielectric
constant and Ry is the distance between atoms i and j.

A user defined minimum interaction energy cut off (for this
study it was set to —2 kcal mol ") can be applied to filter weak
or strongly repulsive interactions which would be considered
either unphysical or unlikely to greatly influence the surface-
solution interaction. The coloured cubes represent positions on
the grid that have returned at least one probe-surface inter-
action energy greater (more negative) than —2 kcal mol !,
whilst white tetrahedrons represent positions on the grid that
have returned only interaction energies which are weaker (more
positive) than —2 kecal mol™". For each surface examined the

Phys. Chem. Chem. Phys., 2018, 20, 11622-11633 | 11625
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SystSearch was applied using the default parameters, and
then the grid was optimised such that no strong interactions
were missed by the grid being too far away or too close to
the surface. The grid was deemed to be in an acceptable
position when the grid row closest and furthest away from
the surface contained only white tetrahedrons. This ensures
that the grid has searched close enough to the surface such
that any interactions closer to the surface than the grid are
likely to be unphysical repulsions, and that any inter-
actions further away from the grid are likely to be weak and
uninfluential on the surface behaviour. The grid position was
optimised by adjusting the grid size in the x-direction and the
grid x-offset.

3. Results and discussion

Fig. 1 shows example morphologies of RS-ibuprofen from
EtOH, EtOAc, ACN and Tol. The needle like morphology is
caused by the faces in {011} form having a much higher growth
rate in solution, when compared to the same from prediction®
or from the vapour phase.*” As a result the {011} faces will be
referred to as the capping faces.

A previous study elucidated the anisotropic surface chemi-
stry of the major faces of RS-ibuprofen,”® identifying that the
growth along the long axis of the needle ({011} surfaces) were
found to be dominated by H-bonding interactions, whilst the
growth of the side {001} faces was found to be dominated by
dispersive interactions. The {100} form was predicted to have
very weak interactions and hence to grow very slowly. A recent
publication has suggested that in solution there may be a
switch of the dominant flat face from the {100} to the {001}
due to stronger solvent adsorption at that face.*” However, we
feel that the general similar shape of the crystals observed is
consistent with the {100} remaining the dominant top face in
all solvents tested.

-

(@) (€) (d)

Fig. 1 Typical crystal morphologies of RS-ibuprofen crystallised from (a)
EtOH; (b) EtOAc; (c) ACN and (d) Tol from Nguyen et al*

(b)
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Fig. 2 (a) Grid search of the most stable slice termination of the (011)
surface of RS-ibuprofen with an EtOH probe using the default parameters
looking down the (100) direction; (b) grid search of the most stable slice
termination of the (011) surface of RS-ibuprofen with an EtOH probe using
the default parameters looking down the (011) direction; (c) grid search of
the most stable slice termination of the (011) surface of RS-ibuprofen with
an EtOH probe using the optimised parameters looking down the (100)
direction; (d) grid search of the most stable slice termination of the (011)
surface of RS-ibuprofen with an EtOH probe using the optimised para-
meters looking down the (011) direction.

3.1. Optimisation of slice termination and grid position

Fig. 2 shows a comparison of a search of the RS-ibuprofen {011}
surface with an EtOH probe, performed with the default grid
parameters ((a) and (b)) and performed with the optimised grid
parameters ((c) and (d)).

Fig. 2(a) and (b) has coloured cubes on the grid row that is
closest to the surface, which implies that some strong inter-
actions could have been missed that are even closer to the
surface. Hence, using the optimised parameters shown in
Fig. 2(b) and (c), there are no coloured cubes in top or bottom
rows of the grid, which suggests that all of the possible strong
interactions between the probe and the surface have been
identified. This process was repeated for all of the crystal
surfaces and the probes investigated.

3.2. Strength of probe interaction with crystal surfaces

3.2.1. Solute interactions. The top 500 interactions found
for the {100}, {001} and {011} faces of RS-ibuprofen searched
with an ibuprofen probe molecule are shown in Fig. 3.

Fig. 3(a) shows that all three curves displayed a similar
general shape, with a sharp upturn of interaction strength at
the top end of the curve (furthest left) before flattening out as
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Fig. 3

(a) Top 500 interactions found from the SystSearch of the {100}, {001} and {011} surfaces with an ibuprofen molecule as the probe. Grid of

coloured cubes indicating the points on the grid where the interactions were found to pass the —2 kcal mol ™t energy cut off are shown for (b) the {100}

form; (c) the {001} form and (d) the {011} form.

the interactions become weaker. The curves begin to converge to
more similar energies as the interaction energies become lower,
suggesting that it is non-specific interaction types being found for
the lower energy interactions with the crystal surfaces.

The general trend of the three lines correlates approximately
to the growth rates of the three forms, where the {011} surfaces
were found to have the strongest interaction energies, whilst
the {100} surfaces were found to have the weakest interaction
energies. The difference in energy between the curves is greatest at
the highest energy ranges (furthest left), with the {011} form in
particular showing a greater amount of high energy sites. These
high energy interaction sites probably play a strong role in drawing

This journal is © the Owner Societies 2018

molecules from the solution to the crystal surface, where they can
integrate, causing the surface to grow.

Fig. 3(b) and (c) show that the {100} and {001} surfaces are
predicted to be relatively smooth on the molecular level, in compar-
ison to the {011} form (Fig. 3(d)) which shows a considerably higher
level of rugosity at the molecular scale. The {100} surfaces showed
the least amount of high energy cubes, followed by the {001} and
then the {011} surfaces were found to have the highest amount of
high energy cubes. Many of the higher interaction energy sites for
the {011} surfaces were found in the surface ‘valley’, marked with
the red arrow on Fig. 3(d), suggesting that this could be a likely
surface docking site for incoming solute molecules.

Phys. Chem. Chem. Phys., 2018, 20, 11622-11633 | 11627
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Fig. 4 Molecular orientation of the strongest interactions found from the
SystSearch of an ibuprofen solute molecule at the (a) {100} surfaces;
(b) {001} surfaces and (c) {011} surfaces.

Considering a simple Kossel crystal model, the molecular
smoothness of the {100} and {001} surfaces indicates that a
solute molecule encountering these surfaces would be able
to only form intermolecular interactions in one dimension,
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similar to the ‘F’ faces from the Hartmann-Perdok model.*
This would suggest that the dynamic equilibrium between a
solute molecule that is in contact with the surface and solution
would need a high driving force to make it favoured for the
molecule to stay in contact with the surface, since it is likely to
be loosely bound. In contrast, the surface ‘valley’ found on the
{011} surfaces could be thought of as similar to the ‘S’ faces
from the Hartman-Perdok model, would allow a solute mole-
cule encountering this surface to form intermolecular forces in
two dimensions, shifting the equilibrium towards the solute
remaining in contact with the surface, rather than moving back
into the bulk solution. This surface rugosity is likely to have a
significant effect on the crystal growth rates from solution.

The degree of re-orientation that a molecule must undergo
in the surface integration step is likely to influence how quickly
that a surface grows. If the time taken for re-orientation is
significantly greater than the time taken for solute molecules to
diffuse to the surface, the solute molecules already at the
surface could hinder the integration of further solute mole-
cules, hence hindering growth of the surface in a so-called ‘self-
poisoning’ effect.”®*® The orientation of the solute molecules
from the strongest interaction found from the SystSearch for
the {100}, {001} and {011} forms is shown in Fig. 4.

Fig. 4(a) and (b) show that the most favoured orientations
found at the {100} and {001} surfaces were not found to be in
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Fig. 5 Top 500 interactions at the {100}, {001} and {011} forms of ibuprofen for (a) EtOH; (b) Tol; (c) EtOAc and (d) ACN.
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orientations that would be thought to be labile for the con-
tinuation of the crystalline lattice. Fig. 4(c) shows that the
COOH group of the solute is interacting with the COOH group
exposed at the surface of the {011} form, which could be seen as
the first step in becoming fully integrated into the crystalline
lattice. These results would suggest that the higher re-orientation
energy of the solute for the {100} and {001} surfaces would result in
these forms being more likely to be self-poisoned and the solute
re-orientation energy barrier to impede crystal growth.

3.2.2. Solvent interactions. The solvent wetting on each
surface could be expected to impact on the growth of each
surface, hence the top 500 interactions with each face of EtOH,
Tol, EtOAc and ACN are shown in Fig. 5.

Fig. 5 indicates that the SystSearch calculates that all the
solvents wet the {100} face much less than the {011} and {001}
surfaces. The three more polar solvents (EtOH, EtOAc and ACN)
all interact more strongly with the {011} surfaces than the {001}
surfaces. In comparison, the essentially apolar solvent Tol was
found to have quite similar interaction energies with both the

View Article Online
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{001} and {011} surface, however it interacts slightly more
strongly with the {001} surfaces. For all four solvents, the
weaker the interaction strength the more the curves for the
{001} and {011} surfaces converge, again suggesting that
the difference in the wetting of the different surfaces by a particular
solvent is captured in the strongest interactions found from the
SystSearch.

3.3. Nature of interactions with the crystal surfaces

3.3.1. Solute interactions. The previous studies on the
crystal morphology of ibuprofen have indicated that growth
of the surfaces in the capping {011} form were dominated by
H-bonding interactions, whilst the growth of the side {001} form
was dominated by less directional dispersive interactions.*® Hence,
the nature of the solute interactions with the {001} and {011}
forms, as a function of interaction energy, was examined in more
detail and shown in Fig. 6.

Fig. 6(a) shows that the dispersive contribution dominates
the top 500 interactions of ibuprofen with the {001} form, with
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Fig. 6 % contribution from dispersive (blue), H-bonds (orange) and coulombic to the top 500 interactions of an ibuprofen probe with the ibuprofen

(a) {001} form and (b) {011} form.
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Fig. 7 Dispersive, H-bonding and coulombic contributions to the interaction of (a) EtOH with the {001} surface; (b) EtOH with the {011} surface;
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the H-bonding and coulombic contributions being close to
zero. In contrast, the H-bonding contribution to the inter-
actions of ibuprofen with the {011} form is much more
significant. This is consistent with the previous studies that
suggested that the growth of the {011} form is dominated by H-
bonds, whilst the growth of the {001} form is dominated by
dispersive interactions.?®

3.3.2. The nature of the solvent interactions. If the inter-
actions of the solute at the surface are defined by a specific
interaction type, i.e. strong H-bonding, it can be postulated that
if a solvent can mimic the important interactions of the solute
at the crystal solution interface, growth can be inhibited. Fig. 6
shows the nature of the interactions of solvents with the
{011} and {001} forms.

Fig. 7 shows that the hydrogen bonding solvents EtOH, ACN
and EtOAc had a significant H-bonding contribution to the
interactions with the {011} surfaces, whereas the same solvents
interactions with the {001} surfaces had little or no H-bonding
contribution. The interactions of Tol with all surfaces was
found to be dominated by dispersive forces, due to the lack
of polar atoms in toluene.

The energetics and the nature of the interactions calculated
for both the solute and the solvents suggest that EtOAc and
EtOH would be most likely to inhibit the growth of the capping
{011} surfaces, whilst Tol would be least likely to inhibit the
growth of the fast growing {011} surfaces and may even inhibit
the growth rate of the side {001} surfaces. A previous study by
Nguyen et al." measured the growth rates of these two faces as a
function of supersaturation, and Table 1 shows a comparison
of the growth rates of these two faces in these three solvents at
comparable supersaturations (o).

Table 1 shows that the ratio of the growth rates of the {011}
and {001} surfaces increases from EtOH to Tol, and that the
higher this value the more needle-like the crystal morphology is.
Since Section 3.2 suggested that it was the strongest interactions

Table 1 Experimentally measured growth rates for RS-lbuprofen {001}
and {011} surfaces from EtOH, EtOAc and Tol. Ratio of growth rates also
compared by dividing the {011} growth rates by the {001} growth rates.*
Row 5 shows a ratio of the experimentally measured growth rates of the
{011} and {001} forms. Row 6 shows a ratio of the mean interaction energy
of the top 100 interactions of the {011} and {001} surfaces. Rows pertaining
to solvent or supersaturation of the solution are coloured blue, the rows
pertaining to the growth rate data are coloured yellow and the rows
pertaining to modelling data are coloured red

Growth Rate {001} (um/min) 4.6 4.4 3.6 21
Growth Rate {011} (um/min) 11.8 37.5 51.5 30.5
{011} growth rate/{001} growth rate 2.57 8.52 14.30 | 14.52
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Table 2 The average dispersive, H-bond and coulombic percentage
contribution to the top 100 interactions of the four solvents with the
{001} and {011} surfaces, found from the SystSearch. These different
interactions are coloured to match the key shown in Fig. 6 and 7

Solvent Surface

{001} {011}

Average % contribution to the Average % contribution to the

energy of top 100 interactions energy of top 100 interactions

Coulombic
EtOH 25.14
EtOAc 13.72
ACN 16.62
Tol 147

with each surface that showed the biggest differences in inter-
action energies between the surfaces, the average value of the top
100 interaction energies from the SystSearch was calculated and
found to have a general inverse relationship with the ratio of the
growth rate of the {011}/{001} forms, with ACN being the outlier.

Looking at the growth rates in more detail, the lower value of
the ratio of the growth rate of the {011} form/{001} form,
compared to the other solvents, is caused by the significantly
reduced growth rate of the {011} form, combined with a mild
increase in the growth rate of the {001} form. Table 1 shows that
the ratio between the calculated interaction of EtOH with the
{011}/{001} is highest, resultant from strong interactions with
the {011} form and much weaker interactions being found
with the {001} form. As a caveat to this Table 1 also shows that
the growth rate of the {011} form in EtOH was found to be the
lowest in comparison to the other solvents, whilst the growth
rate of the {001} form was found to be the highest. Table 2
shows that the EtOH interactions with the {011} form were
approximately 70% dominated by polar H-bond or coulombic
interactions, whilst the interactions of EtOH with the {001}
surface had the lowest dispersive contribution, albeit these
interactions were found to be over 90% dispersive dominated.
Section 3.2 identified that the growth of the {011} form is
dominated by polar interactions, whilst the growth of the {001}
form is dominated by apolar interactions, hence the nature of the
interactions of EtOH with these two forms appears to be reflected
in the relative growth rates of the two forms, whereby EtOH can
block the formation of polar solute-solute interactions at the {011}
surface but fails to block the formation of apolar solute-solute
interactions at the {001} surface.

In comparison, Tol tends to form the most needle-like
morphology of RS-ibuprofen. Here, Tol was the only solvent
studied calculated to have a stronger interaction with the {001}
surfaces in comparison to the {011} surfaces, albeit the energies
are close in value. The high value of the ratio of the growth rate
of the {011} form/{001} form is mostly caused by the low growth
rate of the {001} form than the fast growth rate of the {011}
form, since the growth rate of the (011) face is less in Tol than
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in ACN and EtOAc. Table 2 shows that none of the solvents can
form strong polar interactions with the side faces, therefore
with Tol being dominated by dispersive interactions it appears
that it behaves somewhat the opposite of EtOH by blocking
the formation of the dispersive solute-solute interactions at
the {001} surface and failing to block the formation of the
H-bonding and coulombic solute-solute interactions at the
{011} surface.

ACN does not follow the trend, such that it was calculated to
interact strongly with the capping face but very weakly with
the side face, and as such would be expected to give a less
needle-like morphology that is closer to what is observed
from ethanolic solutions. Comparing ACN to EtOH, it can be
observed that ACN can only act as a H-bonding acceptor, whilst
EtOH can act as both a H-bonding acceptor and donor, hence
EtOH could be expected to have a greater propensity to wet the
{011} form than ACN. Building upon this, ACN being a very
small molecule could mean that it is likely to have a higher
molecular mobility than EtOH or EtOAc, resulting it ACN being
very labile at the crystal surfaces and therefore de-solvating
more quickly at the surfaces. Future studies of the dynamic
behaviour of these solvents at the crystal surfaces and in the
bulk solution of RS-ibuprofen could uncover some of intimate
details of wetting and de-solvation.

4. Conclusions

The grid-based molecular modelling calculations of the solute
and solvent interactions with the {001} and {011} forms of
RS-ibuprofen have been used to rationalise the crystal morpho-
logies of RS-ibuprofen from EtOH, ACN, EtOAc and Tol, by
analysing the strength and nature of these interactions, along
with the surface rugosities.

This study suggests that the often observed needling of the
ibuprofen crystals along the b-axis is due to the strong
H-bonding interactions that the solute can form with the
{011} surfaces, along with the surface ‘valleys’ acting as an
energetically favourable docking site, whilst the {100} and {001}
surfaces are smoother on the molecular level and consequently
show weaker dispersive interactions with the solute molecule.

Analysis of the strongest interactions of the probe molecules
with the crystal surfaces revealed that a strong interaction of
EtOH with the {011} surfaces and much weaker interaction with
the {001} surfaces, results in a lower growth rate of the {011}
surfaces and higher growth rate of the {001}, compared to the
other solvents. This trend is followed for EtOAc and Tol, as the
ratio of the growth rate of the {011}/{001} increases, the ratio of
the interaction energy of the {011}/{001} falls for these solvents.
Indeed, the significant H-bonding interactions formed by EtOH
with the {011} face probably inhibits the interaction of the strong
H-bonding with the solute molecule that governs the growth rate
of this form. Similarly, the strong dispersive interactions formed
by Tol with the {001} surfaces probably inhibits the dispersive
interactions formed by the solute molecule with this surface,
hence the {001} form was observed to grow slowest in Tol.

11632 | Phys. Chem. Chem. Phys., 2018, 20, 1162211633
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This study reveals how the surface rugosity, along with the
solute/surface and solvent/surface interaction strength and
nature can influence the individual crystal surface growth rates
of RS-ibuprofen, and hence the degree of needle-like morpho-
logy produced from solution. These calculations can provide a
guide for solvent selection for crystallisation when the product
crystal morphology is important for downstream processing.

List of symbols

A(H)Tgiss Molar enthalpy associated with the making
and breaking of intermolecular forces

o Energy of solid—fluid interactions

off Energy of fluid-fluid interactions

o Energy of solid-solid interactions

Eine Energy of interaction between the probe

molecule and crystalline slab

List of terms

Intrinsic synthons Intermolecular interactions fully satisfied
within the bulk of the crystal structure
Intermolecular interactions which are broken

upon termination of a crystal surface

Extrinsic synthons
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