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Abstract

The key intermolecular (synthonic) interactions, crystal morphology and surface interfacial
stability of the anti-inflammatory drug RS-ibuprofen are examined in relation to its bulk crystal
and surface chemistry, and to rationalise its growth behaviour as a function of the crystallisation
environment. The OH...O H-bonding dimers between adjacent carboxylic acid groups are
calculated to be the strongest bulk (intrinsic) synthons, with other important synthons arising due

to interactions between the less-polar phenyl ring and aliphatic chain.

Morphological prediction, using the attachment energy model predicts a prismatic facetted shape,
in good agreement with the shape of the experimentally grown crystals from the vapour phase.
Crystals grown from solution are found to have higher aspect ratios, with t hose prepared in polar
protic solvents (EtOH) producing less needle-like crystals, than those prepared in less polar and
aprotic solvents (toluene, acetonitrile and ethyl acetate). Though the anisotropy factors of the
{011} and {002} forms are relatively similar (39.5% and 43.4% respectively), examination of the
surface chemistry reveals that the most important extrinsic (surface-terminated) synthons on the
capping {011} surface involve H-bonding interactions, whilst those on the side {002} surfaces
mostly involve van der Waal’s (vdW) interactions. This suggests that a polar, protic solvent is
more likely to bind to the capping {011} surface and inhibit growth of the long axis of the needle,

compared to apolar and/or aprotic solvents.

A previously unreported re-entrant face is found to appear in the external crystal morphology at
higher supersaturations (in the range of 6 = 0.66-0.79), not due to twinning, which is provisionally
identified as being consistent with the {112} or {012} form. Analysis of the calculated surface
entropy o-factors suggest that the capping {011} faces would be expected to be least smooth on

the molecular level, with a higher degree of unsaturated extrinsic synthons, in comparison to the

2



{002} and {100} faces. This is consistent with growth mechanism data previously publisheﬂ and

with the observed re-entrant morphological instability at the capping surfaces.
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List of Symbols:

E.,: Lattice energy

EIKL: Slice energy per surface hkl

EMEL: Attachment energy per surface hkl
A: Angstroms

Ry Relative growth rate per surface hkl
Apri: Alpha factor per surface hkl

Enki: Anisotropy factor hkl

AH: Enthalpy of fusion

R: Gas constant

T: Absolute temperature

Xseq: Mole fraction of solute

AHg,,: Sublimation enthalpy

BCF: Burton, Cabrera and Frank spiral growth mechanism

B & S: Birth and spread growth mechanism

RIG: Rough interfacial growth mechanism
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Glossary:

vdW: van der Waals

H-bonding: Hydrogen bonding

Synthons: Pairwise intermolecular interactions

d-spacing: inter-atomic plane separation

Intrinsic Synthons: Fully saturated synthons found in the bulk of the crystal structure
Extrinsic Synthons: Unsaturated synthons due to surface termination of the crystal structure
Lattice Energy: Strength of the intermolecular interactions within the crystal structure per mol

Slice Energy: Energy of intermolecular interactions found within one d-spacing on the (hkl)

crystallographic plane

Attachment Energy: Energy of intermolecular interactions formed when a slice one d-spacing thick

is added to a surface defined by (hkl) plane

Anisotropy Factor: The degree of saturation of a molecule exposed at a cleaved crystal surface

(hkl), in comparison to the same molecule fully saturated in the bulk structure

Jackson a-factor: Degree of roughening of a crystal surface (hkl) on the molecular level



10

11

12

13

14

15

16

17

18

19

20

21

22

1 Introduction

Anisotropically shaped crystalline materials can be problematic in downstream pharmaceutical
product processing, in terms of powder flow, blending ability and formulation. The production of
these non-ideal crystalline sizes and shapes can reflect the anisotropic nature of the structures of
molecular crystals, leading to anisotropic face-specific growth rates. In order to produce particles
of a desirable shape and size distribution from solution, it is important to understand and
characterise the bulk crystal and surface chemistry and to relate how the crystal surfaces may

interact with the surrounding solution during crystal growth.

Molecular and crystallographic modelling can be used to provide an insight into the relationship
between structural aspects of molecular crystals and their resultant physical propertieﬂ which
can minimise the need for extensive laboratory studies. Engineering crystallography techniques
often utilise atomistic force fields to calculate the strength and direction of the molecule-molecule

intermolecular interactions (synthons) within the crystal structure, and in-turn to use these

10-23

calculations to predict the physical properties of the crystal{ Such interactions, when

considered within the bulk crystallographic lattice, can be referred to as intrinsic synthons. In
contrast, when such interactions are terminated and exposed at the growth surface, the associated
molecules become partially unsaturated with respect to those in the bulk and can be referred to as
extrinsic synthong~*| The latter are important because they potentially have a significant impact on
the physical and chemical properties of a crystalline particle, e.g. relative crystal growth rate of

individual faces, particle shape and aspect ratio, reactivity, tendency to agglomerate etc. These

24125

concepts are encompassed within the emerging field of synthonic engineering which applies

a retro-synthetic approach to the design of molecular crystals with pre-defined properties, based
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on the making and breaking of synthons in the bulk of the material, and at the crystal solution

interface.

For the case of the prediction and analysis of crystal morphologies, morphologically important

26-28

surfaces can be selected based on the BFDH rulg and attachment energies can be calculated to

29-33

predict the relative growth rate the latter being based upon an assessment of the strength of

the extrinsic synthons at these surfaces, to produce the expected morphology. The identification
of the extrinsic synthons per surface (hk)l can also provide an insight into the nature of

intermolecular interfacial interactions that govern the growth of the morphologically important

surfaceﬂ

The relative growth rate of a flat crystal surface growing in a stable manner via step terrace
movement by e.g. a Burton, Cabrera and Frank mechanism (BCF)™| or by a birth and spread
mechanism (B&SEI can be assessed utilising the attachment energy modem Though there have

been a number of studies which have successfully predicted the morphology of crystals as a

12]20]37-41

function of solvent environment for surfaces which grow by such mechanismj auniversal

method for predicting the dependence of the crystal morphology as a function of solvent choice is

yet to be fully established. It is though well-known that if a crystal surface grows with a roughened

42-44

interface, then the crystal growth rate can be significantly increased However, such growth

processes, through the loss of the intermolecular recognition inherent in surface step/terrace
motion, can involve lower crystal perfection and, potentially lower crystal purity. With respect to
identifying roughened interfaces, the calculation of a-factors, as introduced by Jackson in 195ﬂ
can be helpful in terms of assessing the surface interfacial roughness of a material. Jacksons initial

work examined the transition from a singular to a rough growth interface for the case of a (001)

45)46

face of a Kossel crystal growing from the melt phase In this, the degree to which solid-solid
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and fluid-fluid interactions are broken to make a solid-fluid interactions is assessed, with respect

to the thermal process.

Further work by Bennema and co-workers considered the solution growth case and re-formulated

46-51

the equation to account for wetting conditions in solution® by correlating the making and

breaking of solid-solid, solid-fluid and fluid-fluid interaction to the solubility of the material, and
hence to its enthalpy of dissolution. In addition, to account for the inherent anisotropy between
different crystal habit planes, differences between the fraction of solid-solid interactions per crystal
slice (hkl), can also be taken into account, in comparison to the more simple Kossel crystal case.
Therefore this formulation allows an assessment of the interfacial roughening per crystallographic
surface. In this, a lower a-factor implies a rougher surface, and one tending towards a rough
interfacial growth mechanism. Surfaces with increasing a-factors can be assessed to be smoother,
consistent with a singular interfacial structure at the molecular level and one which can be
predicted to grow by BCF or B&S growth mechanisms. For a particular crystal face growing from
solution in different solvents and/or solute concentrations, the value of a can be expected to change

depending on the degree of the solute-solvent interactions.

This paper draws upon the above perspective and applies a synthonic analytical approach to
relating the bulk and surface crystal structural chemistry of RS-ibuprofen to its morphology and
crystal growth from solution. In particular, it seeks to characterise the extrinsic (surface
terminated) synthons at the crystal surfaces and assess how they might interact with the
surrounding solution. The interfacial stability of the crystal habit surfaces is addressed through
calculations of the surface entropy a-factors, and the resultant predicted growth mechanisms are

confronted with previously published experimental datﬂ Overall, this study highlights the value



10

11

12

13

14

15

16

17
18

19

20

of achieving a molecular understanding of crystal and surface chemistry of RS-ibuprofen, in

relation to the selection of solvents for its crystallisation.

2 Materials and methods

2.1 Materials

The ibuprofen molecule contains a carboxylic acid group at one end and an aliphatic chain at the

other, split by a phenyl ring group (Figure 1{c)). Racemic (RS)-ibuprofen crystallises in a

centrosymmetric tetramolecular monoclinic unit cell, shown in|Figure 1{a) and (b).

ch (c)

Figure 1: Molecular diagrams of Ibuprofen showing (a) the molecular structure and (b) packing within the

crystallographic unit cell; (¢c) 2D molecular structure showing atom types

The unit cell is monoclinic with a P2;/c space group with the unit cell parameters: a = 14.68A, b

=7.89A,c=10.73A and p = 99.361j(CCDC ref code: IBPRAC).

9
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For the experimentally grown crystals, ibuprofen (=98%) was purchased from Sigma Aldrich and
Tokyo Chemical Industry UK Ltd. Ethanol (95%, the azeotropic composition of a binary ethanol
and water mixture) and anhydrous toluene (99.8%) were purchased from Sigma Aldrich, ethyl
acetate at 99.5% purity was purchased from Acros Organics and acetonitrile at 99.9% purity was

purchased from LC-MS.
2.2 Intermolecular force calculations and morphology prediction

2.2.1 Intermolecular interactions and lattice energies

All calculations of the intermolecular interactions in this study used the Dreiding forcefield
parameter$>’[and partial atomic-charges that were calculated using the semi-empirical quantum

mechanics program MOPAﬂ utilising the Austin Model 1(AM1) approacly’”| This approach has

been extensively used in simulations of the behaviour of molecular crystalg'%"*1"*°!{**°°!| The

crystal structure was optimised, via the minimisation of the calculated lattice energy, using the

Forcite module within Materials Studio S.ﬁ keeping the unit cell and molecular structure rigid.

The intermolecular interactions were calculated and ranked by strength using HABIT9 This
calculation was then used to calculate the lattice energy (Ecr). The calculated lattice energy was
compared to the experimental sublimation enthalpy (AHy,;) to ascertain whether the forcefield
selected accurately estimated the intermolecular strengths between the molecules, since the lattice

energy and sublimation enthalpy are related through Equation (1).
E. = AHgyp — 2RT (1

Where R is the gas constant and T is the temperature at which the sublimation enthalpy was

measured.

10
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The lattice energy convergence was checked increasing the diameter of the radius of calculation
by 1A steps, up to 30A. The percentage of lattice energy added with each 1A step was also
calculated.

2.2.2 Morphological prediction and determination of extrinsic synthons

The morphologically important surfaces were calculated using the BFDH method?*¥| in

MORANGI_j For each of the identified morphologically important surfaces, the lattice energy was
then was partitioned with respect to their contribution to the growth process through the calculation

of slice (Es1) and attachment (Ea) energies for each crystal habit surface (Equation (2)).
Eor = Egff + EG* (2

Synthons were characterised in terms of whether they were intrinsic (bulk), i.e. contributing to the
slice energy, or if they were extrinsic (surface terminating) and contributing to the attachment
energy, for each of the selected crystal forms. With the intermolecular interactions calculated, the
most stable slice was identified by shifting the slice boundary by 0.1 d-spacing until the smallest
absolute value of the attachment energy was found, this was assumed to be the most stable
termination of the surface. The attachment energies were assumed to be directly proportional to

the relative face specific growth rateﬂ(Equation 3)).
Rpja & Ef (3)

The attachment energies were scaled as centre to face distances and a Wulff plot was constructed

using SHAPEIj

2.2.3 Surface entropy a-factors

The o-factors were calculated using the following expressiorf**{*"~'{%

11
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AH
a = fhkl(R—Tf — InXgeq) “4)

where AHr is the heat of fusion; Xseq is the mole fraction of the solute as calculated for the

supersaturation typically considered for crystal growth for a given solvent and temperature, R is

hkl
the ideal gas constant and T is the absolute temperature. The anisotropy factor, ({5 = Esi / E._)
cr

reflects the degree of saturation of a molecule when it is surface terminated and a fraction of the
intermolecular interactions have been broken. Hence, it is a measure of the degree of
intermolecular interactions saturated for a molecule exposed at a particular crystal surface (hkl),

when compared to a molecule fully saturated in the bulk of the structure.

The numerical values of a can be correlated to a given surface’s interfacial roughness on the

molecular levelﬂ shown in|Table 1

Table 1: Predicted growth mechanism according to the value of ¢*7{3]5%!

a-factor | Predicted growth mechanism

range

a<2 The interface is rough hence all growth units can be
incorporated onto the growing surface (continuous

growth).

2<a<5 | The interface 1s smoother and the most probable

mode of growth is B&S

a>5 The surface becomes very smooth and growth

generally proceeds by screw dislocation (BCF).

12
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2.3 Crystal growth and characterisation

2.3.1 Crystal growth and optical microscopy

The ibuprofen crystals presented in this paper were grown at an 0.5ml scale, as detailed in a
previous papeﬂ The crystallisation setup employed for this comprises an inverted optical
polarizing microscope (Olympus Optical IMT-2 or Leica/ Leitz DM IL 090-131-002) integrated
with a CCD Lumenera Infinity 3.3 megapixel camera and a PC with Infinity II Image Capture and
Image Analyze Software, to capture pictures during crystal growth. The crystallisation vessel
comprised of a UV cuvette cell 0.5ml (54 x 10 x 1 mm) submerged in a shallow tank of water
whose temperature was controlled by a Haake F3 recirculation bath. RS-ibuprofen solutions were
prepared by dissolving solute in ethanol 95% (1.4g/ml), ethyl acetate (1g/ml), acetonitrile
(0.4g/ml) and toluene (1g/ml). A pipette was used to transfer the prepared solution into the cuvette
cell, which was sealed and fixed to the bottom of the water tank. The ibuprofen/solvent solutions
were heated to 50°C to completely dissolve all ibuprofen crystals, then the solutions were cooled
down to a constant temperature such as 20, 23, 25 and 27°C to maintain a specific supersaturation

until crystals were found to appear.
2.3.2 Determination of interplanar angles

The interplanar angles between the surfaces proposed to be present on the external crystal
morphology were determined using the MORANG prograrrﬁl which uses the unit cell information

to calculate the angle between the planes defined by hkl. The experimental interfacial angles were

measured as shown in |Figure 2{ derived from the optical microscopy images taken from the

experiments described in Section|2.3.1|{Figure 2).

13
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Angle measured

between faces

Figure 2: Example of how the interplanar angles are measured from an optical microscopy image of a crystal

3 Results and discussion

3.1 3D crystal chemistry

The intermolecular packing and crystal chemistry of ibuprofen is shown in

14

Figure 3
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Polar H-bonding Less polar vdW

interactions interactions

Figure 3: Molecular packing of ibuprofen (a) looking down the <010> direction; (b) looking down the <100>

direction

Figure 3

a) shows that polar and apolar components of the ibuprofen molecule interact alternately,

approximately along the x-direction, allowing the formation of the OH...O H-bonding carboxlyic

acid dimers. The presence of the aliphatic chain probabaly inhibits the close packing of the

aromatic ring moeties, that has been observed molecular crystal structures accomodating less bulky

moleculey

341671638

Figure 4

shows the strongest calculated bulk synthons, along with

breakdowns.

15

Table 2

showing their energetic
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11

Figure 4: Pairwise molecular orientation of the 5 strongest synthons (A), (B), (C), (D) and (E) calculated from

the bulk crystal structure of ibuprofen and shown in| Table 2
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Table 2: The top five synthons in the crystal lattice of ibuprofen based on intermolecular strength, along with
their contributions to the lattice energy; the split of the synthon strength into H-bond+vdW and coulombic; the

contribution of the functions groups to each synthons energy. All energies are quoted in kcal

Synthon | Multiplicity | Interaction
Energy
(kcal/mol)

A 1 -5.2

B 2 -2.8

C 2 2.4

D 1 2.2

E 1 -1.5

The strongest intrinsic synthon was calculated to be the OH...O H-bonding interactions between
adjacent carboxylic acid groups (A). The OH...O H-bonds resulted in the total intermolecular
strength of this synthon being calculated as over 2 kcal stronger than the next strongest interaction.
Over 94% of this synthon energy was found to be centred on the COOH groups of the molecules
involved, indicating that this interaction would be very directional in nature. In contrast, the COOH
group plays a relatively minor role within the other major synthons, since there is no other polar

proton available to interact with the remaining lone pair on the carbonyl oxygen.

17
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3.2 Lattice energy

The lattice energy convergence as a function of limiting radius of the calculation is shown in|Figure

a), along with the addition of energy as more molecules are added to the crystal structure as the
limiting radius is increased, with respect to the origin molecule (b). This is shown as a tower graph
with each tower representing the percentage of the energy added at the step, i.e. the tower at 7A is

the amount of energy added with the increase between 6A and 7A of the radius of the sphere.

18
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The fully converged calculated lattice energy was -28.86kcal/mol (Figure 5{a)), which was in good

agreement with the experimental lattice energy calculated from the heat of sublimation for
ibuprofen of 30.10 kcal/mo]’| This suggests that the Dreiding potential provides an acceptable
reproduction of the strength and nature of the synthons within the crystal structure. It was also
observed that the coulombic interactions contributed a relatively small amount to the lattice
energy, perhaps reflecting that the majority of the molecule is apolar in nature. This is consistent
with to the fact that only the H-bonding COOH group within the ibuprofen molecule which

contains significantly electronegative atoms to contribute to the polar nature of the molecule.

Figure 5({b) indicates that there are three major coordination shells of energy between 6A and 15A,

where the first shell between 6A and 9A was found to contain over 60% of the lattice energy. The
second and third shells were calculated to contain 34.68% and 2.63% respectively, highlighting
the rapid decrease in the importance of the synthonic interactions with distance in the ibuprofen
structure. This highlights the importance of the nearest neighbours for stabilising the crystal lattice

energy of molecular crystals, such as ibuprofen.
3.3 Crystal morphology

3.3.1 Attachment energy morphological prediction

The calculated surface attachment energies for the morphologically important forms are given in

Table 3| with the predicted morphology based on these values in|Figure 6

20



Table 3: For the morphologically important surfaces of ibuprofen: interplanar spacing (in 108); slice and
attachment energies (in kcal/mol); anisotropy factors calculated from Equation (4) and multiplied by 100 to

give %; a-factors between 15°C-35°C for ethanol, ethyl acetate, acetonitrile & toluene

Attachment energy | Face specific a-factors between
Information 15°C-35°C

Face | dna | EMFl(kcal/ | EMY $hkt Ethyl

. Ethanol Acetonitrile | Toluene

(A) | mol) (kcal/mol) acetate

{100} | 14.4 242 -4.6 840 | 94-10.6 | 93-104 | 103-12.1 | 9.3-10.5
{110} | 7.0 -12.8 160 | 444 | 5256 | 4955 55-64 4.9-5.6
{011} | 6.9 114 175 [395| 4650 | 4449 48-57 4.4-49
{111} | 6.0 -12.0 169 | 415| 4852 | 4652 5.1-6.0 4.6-5.2
{002} | 4.3 12,5 163|434 | 5055 | 4854 5.3-6.2 4.8-5.4
{012} |53 7.6 212 264 3.1-33 | 2933 3.2-3.8 2.9-3.3
{112} | 4.1 -8.8 200 [306| 3539 | 3438 3.8-4.4 3.4-3.8

21
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Figure 6: (a) attachment energy morphology prediction of ibuprofen looking down the (100) face; (b) looking

down approximately the (002) face; (c) vapour grown crystal morphology of ibuprofeﬂ

The morphological prediction with the dominant {100}, {002} and {011} forms was in reasonable

agreement with previous studie’{*”| and with the experimentally observed morphology of crystals

—

grown from the vapour phasg'{"{’

The {100} form had lowest attachment energy and highest

percentage of satisfied synthons at the surface (column 5,|Table 3), and therefore was predicted to

be the slowest growing face of ibuprofen, which was in good agreement with the plate-like

morphology with a dominant {100} forrrm

3.3.2 Crystal morphologies from solution

The experimental morphologies produced from different solvents are shown in|Figure 7

22
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Figure 7 (i) Morphology of ibuprofen re-crystallised in (a) ethano (b) ethyl acetat (©) acetonitril (d)

toluen (e) thin crystal morphology of ibuprofen re-crystallised in ethanol solution (f) possible faces

predicted to be the capping faces of ibuprofen by attachment energy theory; (g) morphological sketch of the

capping faces shown in the experimentally produced crystal in (e)

Figure 7

reveals that all the solvents tested produced crystal shapes that were similar to the

morphologies calculated from the attachment energy model, except that the aspect ratio was found

to vary between the solvents. The length along the b-axis of the solution grown crystals were found

to be generally higher than the attachment energy morphology prediction, and the aspect ratio

23



observed for the crystal grown from the vapour phase (Figure 6(c)). The crystals produced from

ethanol were observed to have the lowest aspect ratio, whilst the crystals produced from toluene

and acetonitrile had the largest aspect ratios. This suggests that the growth of the {011} form was

least hindered in aprotic solvents, resulting in the needle shaped crystals shown in|Figure 7{(b), (c)

and (d)). In addition, [Figure 7(e) shows that crystals produced from ethanol are very thin,

indicating that the {100} face does indeed grow very slowly. This figure also suggests that the
{110} form can sometimes appear between the {011} surfaces, consistent with the attachment

energy simulation.
3.3.3 Morphological stability at the capping surfaces

Images of the crystals grown in the different solvents and at varying supersaturation are shown in

Figure 8| to compare the morphological features of the crystals as a function of solvent and

supersaturation.

24
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Figure 8: (a) Schematic diagram illustrating the growth history of the capping faces around the {011} surfaces

highlighting the various sector zones involved and their growth sector boundaries together with a putative

model for the nucleation of the re-entrant face; ibuprofen crystals grown from (b) ethanol, (c) acetonitrile, (d)

ethyl acetate, and (e) toluene, with high index re-entrant faces showing that the re-entrant can occur in all

solvents examined. The crystals shown in (f), (g) and (h) are crystallised from ethanol at 6 =0.97, 6 = 0.79 and

o6 = (.66 respectively, indicating that the re-entrant is more likely to occur at enhanced supersaturation

Figure 8|displays that an additional and re-entrant habit face was observed in all solvents, but only

at high levels of supersaturation (¢ = 0.66-0.79). The observation was found to be reproducible

and present in the crystals grown from the solvents studied here.

25
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a) schematically



demonstrates a putative model for how the re-entrant facet develops as a function of time from the

nucleation point at the capping faces of the crystal.

The critical supersaturations (Gcrit) associated with the occurrence of the re-entrant face are shown

in|Table 4

Table 4: The critical supersaturation Ocrit for the appearance of the re-entrant faces

Ethanol Ethyl acetate | Acetonitrile | Toluene

Critical supersaturation ¢ 0.66 0.69 >0.79 >0.79

For acetonitrile and toluene, these re-entrant faces are present at a slightly higher value of ocrit >
0.79. This may reflect the more needle-like crystals that are produced in these solvents, particularly
in toluene. However, it was found to be challenging to monitor at what point the re-entrant was

observed between the (011) and (0-11) surfaces, due to the small surface area of this face.

The re-entrant crystals shown in[{Figure 8|showed no obvious evidence of twinning, as confirmed

using polarised optical microscop)lj shown in|Figure 9(i1).
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Figure 9: A series of polarized-light micrographs of ibuprofen crystals with the angle between cross-polarisers
being increased by 30° between adjacent images. The images show that the crystals became homogeneously

darker or brighter, proving that the re-entrant (concave) edges are not consistent with twinning.

Examination of the crystal morphology by crystallographic zone analysi drawing upon the
likely low index morphological habit planes identified from the BFDH analysiﬁ revealed that
characterisation of the interplanar angle over a range of samples prepared for all solvents used
confirmed a consistency of interplanar angle of approx. 166° + 2.7 between the re-entrant face and
the (011) face, consistent with it being the same face re-entering in each sample and was not solvent

dependent.

These re-entrant edges occur between the symmetrically equivalent faces (011) and (0-11).
Analysis of the interplanar angles for this material, with the aid of morphological simulation, was
consistent with the re-entrant planes being within the [0-21] zone comprising the (012) or (112)
and (100) faces. The attachment energies of the (012) and (112) surfaces were calculated to be

very close.

The occurrence of re-entrant morphological features, in the absence of twinning, is comparatively

quite rare. Despite this, the natural development of a re-entrant facet is not forbidden from

14X°75

morphological theory The fact that these facets appear at higher supersaturations and at the
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end-capping habit faces, suggests that the mass-transfer effects are playing the dominant role in
initiating the formation of the new faces. For needle shaped crystals, the solid angle sub-tended by

the capping faces with respect to the solution, is much higher than that of the slower growing faces.

The end faces have a much higher degree of unsaturation in terms of their intermolecular

interactions (§pgr,|Table 3) and this might suggest that the growth kinetics for these faces would

be mass-transfer limited, compared to the slow growing faces where the interfacial kinetics
associated with solute integration into surface step/kink sites might be much more rate limiting.
This high flux of molecules at the capping surface, driven by the high supersaturation, probably
induces the surface nucleation, and hence the appearance of the observed re-entrant morphological

feature.
3.4 Surface chemistry of the morphologically important surfaces

In a previous study, the surface chemistry of the major faces of ibuprofen was qualitatively

describeﬂ In this study the synthons that are predicted to contribute to the attachment energy, and

hence growth, of a given surface have been identified and displayed in|Table 5
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Table 5: Synthon analysis for the {011}, {001} and {100} forms with for a growth unit based on a monomer. For
each of the four morphologically important forms it is identified whether the top 5 synthons contribute to the

slice energy or attachment energy (marked red)

Slice Energy (EsL) or Attachment Energy (Earr)
Interactio
Synthon
n Energy {011} {002} {100} {110}
type
(kcal/mol)
A -5.21
B -2.82
C -2.42
D -2.23
E -1.49

For the faces listed in|Table 5{ the extrinsic synthons identified to contribute to the attachment

energies of these faces were labelled on molecular models of the surface, manifesting in perfect

termination of the crystal structure. The molecular surface chemistry of the faces listed in|Table 5

is shown in|Figure 10
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Figure 10: (a) Molecular orientation at the {100} face with synthon E marked on as contributing to the attachment
energy of this surface; (b) molecular orientation of the {002} surface with synthons B and C marked on as
contributing to the attachment energy of this surface; (c) molecular orientation of the {011} surface (above) and

{110} surface (below) with synthon A marked on as contributing to the attachment energy of this surface
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Figure 10(a) reveals that the strongest interaction contributing to the attachment energy at the

{100} surface was found to be synthon E, which is the vdW interaction between adjacent aliphatic
chains and the COOH groups. The weak nature of the interactions at this surface is consistent with

the low attachment energy and slow growth, ultimately explaining the morphological dominance

of this face and the resulting thin crystals obtained (Figure 7(e)).

Figure 10(b) reveals that synthons (B) and (C) contribute to the attachment energy of the side

{002} form. These synthons were identified to be dominated by vdW interactions, and both are
stronger than synthon (E), resulting in faster growth for the {0 0 2} form, and lower morphological

importance compared to the {100} form.

Figure 10(c) reveals that synthon (A) contributes to the attachment energies of the capping {011}

and {110} surfaces, and therefore would be expected to have a significant influence on the growth

along the b-axis. However,|Table Sjreveals that synthon (B), which was identified to be dominated

by vdW interactions, has a significant impact on the growth of both the {011} and {110} forms.
Hence, growth was predicted to be driven by both H-bonding and vdW interactions along the long
axis of the needle, though only the growth of the capping surfaces were predicted to be strongly

influenced by the OH...O H-bonding interactions.

It is likely that the variation in the strength and nature of the synthons which influence the growth
of the different habit surfaces, is at the root of the dependence of the ibuprofen morphology on the
nature of the growth solvent. The lower aspect ratio and more defined crystal morphology of
crystals produced from ethanol is likely due to the ethanol molecules being able to act as both a
H-bonding donors and acceptors, thus inhibiting the formation of the H-bonds (synthon (A)), and

in turn decreasing growth rates along the long axis of the needle. The crystals with highest aspect

ratios were produced from toluene (Figure 7¢l) and previously it was shown that the relative growth
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rate of the {002} forms was lowest in toluene solutionﬂ The synthons at the {002} surface are
predominantly vdW interactions between the phenyl ring and aliphatic chains of ibuprofen. Hence
it could be expected that toluene molecules could inhibit the growth of the {002} face, whilst not
hindering the growth of the {011} face, whereby the growth is more dominated by H-bonding

interactions.
3.5 Correlation between the calculated a factor and the growth mechanism

The surface interfacial roughness, as well as the molecular surface chemistry, can also strongly

influence the growth mechanism and growth rate of a crystal surfacg”’{[*’]°"{|°°l Therefore the

growth mechanisms and degree of interfacial roughness, calculated from the a-factors in{Table 3

were compared for the morphological important surfaces, and to the previously published

experimental data for the {011} and {002} surfaces, in[Table 6
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Table 6: Comparison of calculated growth rate mechanisms from the a-factors in|Table 3(to the previously

published experimentally measured growth mechanisms

{011} {002}
Predicted Predicted
Experimentally Experimentally
Growth Growth
Solvent Measured Growth Measured Growth
Mechanism Mechanism
Mechanis Mechanis
from a-factors from a-factors

Acetonitrile BCF or B&S B&S BCF B&S

Ethanol B&S BCE/B&S BCF or B&S BCEF/B&S

Ethyl
B&S B&S BCF or B&S B&S
Acetate
Toluene B&S B&S BCF or B&S B&S

The a-factors calculated for the solvents examined in this study were found to match well to the

experimental growth mechanisms that have been previously identified for the {011} and {002}

surfaceﬂ The calculated a-factors indicated that the surfaces that were predicted to be present at

the capping end faces of the crystal from|Figure 6

Table 3

such as the {011}, {110} and {111} surfaces

, were predicted to be more rough than the other surfaces on the final crystal morphology.

The ibuprofen crystals are observed to needle along the b-axis in acetonitrile, ethyl acetate and

toluene

Figure 7

, whereby the increased roughening of these capping habit faces could increase

the probability of overgrowth and needling along the direction of the growth normal of these
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surfaces. In addition, the {012} and {112} faces, which were identified as the likely re-entrant
facets, were also calculated to be even rougher than the other capping facets, correlating well to
the supposition that the interfacial roughening at these surfaces results in the morphological

instability and re-entrant facets.

4 Conclusions

The detailed surface chemistry of ibuprofen has been characterised and linked to the crystal
morphology from four solvents, along with a prediction of the crystal growth rate mechanisms and
interfacial stability using a-factor calculations. The shorter aspect ratio morphology observed in
ethanol, compared with the less polar and aprotic solvents, was correlated to supposition that the
polar and protic nature of EtOH makes it more likely to be able to disrupt the OH...O interactions
in synthon (A) that were identified to influence the growth along the long axis of the needle, hence

reducing the growth rate along the long axis of the morphology.

The a-factors suggest that the capping {011} surfaces are rougher on the molecular scale, when
compared to the other morphologically important surfaces, hence correlating to the increased
growth rate at these surfaces that result in the needle-like morphologies. The good agreement
between the predicted and experimentally derived crystal growth mechanisms suggested these
calculations are relatively robust. The observation of a previously un-reported re-entrant face
between the (011) and (01-1) surfaces could be indicative of the increased interfacial roughening

at the capping faces, resulting in this morphological instability.

This combination of molecular modelling of the synthons, combined with the a-factor calculations,

has resulted in a molecular understanding of the likely crystal habit surface interaction with the
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surrounding solution, along with the solvent effect on the interfacial roughening of the individual
crystal surfaces. Both can have a significant effect on the face-specific crystal growth rates and
therefore should be taken into account when selecting a crystallisation solvent, if it is important to
control the crystal morphology. These calculations can provide a valuable guide to optimising the
crystallisation conditions that will produce a desirable crystal morphology, which can be important
when processing active ingredient crystals into marketable products in the pharmaceutical and fine

chemical industries.
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A combination of the molecular modelling of synthonic strength and the a-factor calculations
has aided in a molecular understanding crystal/solution interactions of RS-ibuprofen and
their effect on crystal morphology, along with the solvent effect on the interfacial roughening
of the individual crystal surfaces. This technique provides a valuable guide for optimising
crystallisation conditions that will produce a desirable crystal morphology.
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