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Abstract

The crystallisation of ibuprofen under diffusion-limited conditions measured as a function of
supersaturation, solvent (95% ethanol/water, ethyl acetate, acetonitrile and toluene) and reactor
scale is examined. Measurement of solubility as a function of temperature reveals less than ideal
behaviour, consistent with strong solute-solute interactions, particularly in the case of

acetonitrile. The crystal growth rates of the {$0dnd {011} faces of spontaneously nucleated

crystals are precisely measured in-situ using optical microscopy revealing that their respective
growth rates increase with increasing supersaturation to different extents, depending on the
solvent type, with concomitant impact on the crystal habit. The measured aspect ratios, as a
function of supersaturation, are generally higher at the 15 mL than the 0.5 mL seale siz
Analysis of the growth rates versus supersaturation is consistent with a 2-D surface nucleation
(Birth and Spread) model for both facnd at both scale sizes. The growth rates of the {001}
and {011} faces exhibit much less growth rate dispersion when compaliegréabure data for a

stirred batch crystallizer.
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The data is rationalized by examining the surface chemistry of the growingéxeading, e.g.
that polar protic solvents inhibit the growth rate of faces containing available binding sites for

hydrogen bonding formation, such as carboxylic acid groups.

Key words: Crystallisation, ibuprofen crystals, growth rate measurements, optical microscopy,
image analysis, crystal morphology, solvent induced habit modificati@entrant
morphological features, science of scale, interfacial kinetics characterisation, growth rate

dispersion, solution structure and ideality.



1 Introduction

Crystallisation is an important purification, separation and pre-formulation process in the
pharmaceutical and fine chemical process industries. It is the primary method applied for the
intermediate and final stage production of a wide range of materials from inorganic compounds
to high value-added organic materials such as active pharn@t@ampounds and specialty
chemicals. However, the anisotropic nature of a crystalline material combined with the complex
molecular and crystal chemistry of many specialty compounds can conspire to produce a high
degree of variability in the physical properties of crystalline products. This can, in turng lead
significant changes in product quality, i.e. impacting upon stability, bioavailability,
processability, crystallinity and/or purity. In order to isolate the crystals which exhibit the desired
physical properties, the fundamental process of crystal growth and its associated kinetics need to
be understood, characterised and controlled. Previous studies in this area have mostly presented

measurements of growth rates of single crystal seeds grown at comparatively low

supersaturations [1+6]. Alternatively, measurements have been made of the growth rate of a

population of crystals as prepared under crystallisation reactor environment conditions e.g.

through the measurement of the characteristic dimensions (such as length, width, and equivalent

diameter etc.) associated with the growth of the crystals [7-14]. Linking these two, quite

distinctive, sets of measurements is a challenge mindful of the quite different hydrodynamic
environments involved. For example in the former case whilst measurements are made on the
individual growth faces, the influence imposed either by the hydrodynamic environment
associated with the measurements or by the selection of the specifieds [15] for the studies is
not really defined. Similarity, in the latter case, it is hard to extract out the kinetics associated

with the growth of the individual habit faces. Within this overall context, there have been



surprisingly limited kinetic studies on the growth of the individual faces of spontaneously-

nucleated crystals as prepared under diffusion-limited growth conditions in stagnant solutions.
Such measurements are helpful in that they provide baseline crystal growth kinetic data from
which the impact of e.g. agitation and mixing can be subsequently assessed. Additionally, few

detailed studies of the growth rates of single crystals have been published which focused on

growth-rate dispersion [16-18] particularly those which highlight variability of the growth rate of

individual crystals within a population. A significant factor in the scarcity of research resulting
from investigations into the growth rates of single crystal growth perhaps lies in the lack of rapid
and routine experimental methodologies for studying these aspects. This, perhaps, reflects the
fact that the most common techniques available for crystallisation monitoring are intended for
use at the larger scales and are aimed at measuring what is defined as the crystal size distribution.
In such cases size is usually represented by an average values for growthsedesnban

assessment of a crystal population e.g. using focused beam reflectance measurements (FBRM)

19-21j], rather than face-specific growth rates as measured for batches of individual crystals. For

example, most of commercial particle size instruments calculate the Csystalin terms of a

volume equivalent diameter (§ame Where:

]1/3 (1)

6
Dyolume = [;Vparticle

Providing equant particles are being measured this is a reasonable charactersisation of particle

size but for crystals exhibiting anisotropic morphologies, the results can be confusjng (se¢ Figure

.
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Figure 1 Schematic diagram showing hypothetical particles with different shapes whitstvatitj the
same volume equivalent diameter highlighting the importance of measuring shape-depgatidnt cr
growth rates: (a) 100pum diameter sphere which has the same volume as (b) cube (with the size of an edge
= 80.6 um), (c) a rectangular needle (20 pm x 25 pm x 1047 um) and (d) a very thin plate (200 um x 262

um x 10 um).

A fundamental evaluation of the growth kinetics must be based on the growth rates of individual
faces] for which a detailed understanding of the crystal shape is a crucial factor in growth

rate determination.

The above scenario is addressed in this study through the measurement of the growth rates of the
individual crystal faces of the pharmaceutical compound ibuprofen as a function of its solution
crystallisation environment from which the likely interfacial crystal growth mechanisms

involved were characterised.

RS-ibuprofen (2¢(4-isobutyl-phenyl) propionic acid), gH:s0. M = 206.28g/mol, melting point
(77-78C) is a non-steroidal anti-inflammatory drug (NSAID) that has been used to relieve pain,
cold, fever and inflammation. This material crystallizes in a monoclinic crystal structure with
space group R& in a tetramolecular unit cell with unit cell dimensions a = 14.667A, b = 7.886

A, c=10.730 A, p=99.3628°, Z = 4 ﬁ]. The crystal packing manifests centrosymmetric

hydrogen-bonded dime3] (Figureé 2). Dudognon, eE|. [25] have shown an evidence for a

new crystalline form of racemic ibuprofeas prepared under quite extreme conditions, i.e. at

least 66C below the glass transition temperature Tg (Tg = 228K). However, the full crystal



structure for this form has not yet been published. Crystal of the known structure of ibuprofen to
exhibit ] three dominant crystal habit faces; {100}, {001} and {011} and the crystals of
racemic ibuprofen exhibit different crystal habits as a result of varying the crysiatfisa
conditions. This material mostly has a plate-like crystal morphology dominated by a large {100}

face with smaller {001} and {011} side faces. Despite the fact that changes in crystal habit have

been reported many tim B-34], detailed studies of growth kinetics for this material

have been surprisingly limited. Rashid, et [studied growth rates of ibuprofen crystals
grown from ethanol by adding size proportional grows?@ seed crystals to an isothermal
non-nucleating batch crystallization vessel and sampling the resultant crystals during the batch
They found that ibuprofen crystallising from ethanol exhibits significant growth rate dispersion.
This phenomenon refers to the fact that the growth rates of crystals of the same material and size,
when exposed to identical conditions of supersaturation, temperature and fluid dynamics, do not
subsequently grow at the same rﬁ 36]. Cano,ﬁ al. [2] measured the growttivates of
{100}, {001} and {011} faces in a single ibuprofen crystal using a crystal-growth flow cell.
During these measurements, a crystal was secured within the cell with the crystal faces of the
seed crystal being oriented with respect to the solution flow in order to obtain reproducible
growth conditions at relative supersaturatioh ¢f 0.013. However, this work did not provide
information on the growth rates for spontaneously nucleated crystals nor were the variations in
the crystal growth rates between different crystals studied. Reflecting this, this paper reports the
measurement of the solution solubilities and crystal growth rates of the associated {001} and
{011} surfaces of self-nucleated single (RS)-ibuprofen crystals in stagnant solutions at two scale

sizes; 0.5ml and 15ml, as a function of solvent (95% ethanol/water, ethyl acetate, acetonitrile and



toluene) and relative supetsration ¢ from 0.55 to 1.3. From this, the interfacial growth

mechanisms of these faces with this range of supersaturation were characterised.

Figure 2 Molecular diagram showing (a) molecular structure and (b) intremolecular padkiag in

crystallographic unit cell ibuprofen molecule

2 Crystal growth ratesand kinetics

2.1 Growth rateexpressions

There is broad agreement in the literature that there are three main ods [37] to express the
crystal growth rate:

2.1.1 Facegrowth rate

Face growth ratepy (m/s) is the velocity of movement forward of the crystallographic facas in
direction perpendicular to a face (hkl), which can be measured on individual crystal faces over

time using a microsgee thus:

AL
Rp== (2)

where AL is the distance of movement forward of a crystal surface (hid)a period of time At

Growth rates expressed in this way can be related to the different interfacial crystal growth

mechanisms and models.



2.1.2 Overall massgrowth rate

Overall mass growth rate, cR(kg/nfs), is expressed for the average growth rate of whole
population of crystals and has often been used for calculating product yields and far desig

purposes for optimizing batch crystallisation processes;

1dM, p
R¢ = A, dtc = A—i VnitAnki 3)

where M is the mass of crystal; Ais the surface area of whole crystal; ang, /& the area of
face hkl, vy is the face growth rate and,fis the area of the faces on a crystal

2.1.3 Overall linear growth rate
Overall linear growth rate, Gm/s or um/s), is the rate of change die crystal’s characteristic

dimension, L, has dimensions of velocity, which depends on the specific characteristic

dimension used in the definition:

G =dL/dt )
G and R can be related as follows:

Rezi*dgﬂtc :,B.le d‘“g;”’:&;f%:%;f‘:e -

M; = a.p..L? (6)

Ac = B.12 (7)

wherep, is the density of crystals, is the volume shape factor and f is the crystal surface shape

factor. If crystals are spherical or cubic then /o = 6

Re =5pc G (8)



It is important to define this dimension when using this expression. L is often defined with

respect to the technique used in its measurement.
The latter expression is commonly applied within population balance theory models which
relates the crystal size distribution (CSD) to the crystallisation kins [38] thus:

amyv) |, a(Gnv)
at + aL 0 ©)

where n is the population density per unit volume, V is the total suspension volume of the

crystallizer, G is the linear growth rate, L is the crystal size and t is the time

Whilst the population balance model is helpful in defining crystallisation kinetics, it relies on

empirical parameters for the characteristic size. Recently, BEEHjH:ﬂ:ISQ 40] and

morphologically based [41-43] population balance models have been developed. The latter case

offers a significant improvement in that the multi-dimensional characteristic lengths are defined
with respect to the growth rates of the individual crystal habit faces. This provides a more ‘first-

principle’ model and one, in particular, that takes into account the morphology of the growing
crystal. The utility of incorporating morphological data into measurements of the characteristic
length of crystals has been demonstrated by Penv [44] who used morphological analysis to
decompose crystal size data of L-glutamic acid obtained in-situ using ultrasonic spectroscopy
into a sub-set of characteristic lengths based on the measurements of the three growth forms

(001), (111) and (011) for which their individual interface kinetic mechanisms were determined.

Nowadays, in-process data mostly uses FBRM instrumentgation [19-21] which measures only the

chord length distribution which can be challenging to extract ‘first-principles’ face-specific

kinetics ].



Measurements of the growth rates of crystal populations, usually involve seeding within the

metastable zone. However, the process can itself provide variability in the measured growth rates

46-48] depending on the seed preparation techniques adopted and/or the size fraction selected

and/or the seed concentration. The latter reflects the impact of these variables on the secondary
nucleation process highlighting the value of having base-line face-specific growth rate studie

spontaneously nucleated crystal prepared under diffusion-controlled conditions.

It is well-known that crystals of the same material and size, when exposed to seemingly identical
crystallisation conditions, do not always grow at the same rate; a phenomenon known as growth
rate dispersion (GRDEFE@]. Whilst size dependent growth () [50] relates to

crystals of different sizes growing at different rates, GRD is a phenomenon where similar sized
crystals grow at different rates under apparently identical conditions of supersaturation,

temperature and hydrodynamics. Variations of growth rate of the uniform sized crystals affects
the CSD of the product crystals and hence the product quality. The studies of the physical
mechanisms underlying of GRD have resulted in the development of three models which

provide a basis for further analysis of experimental data: the constant crystal growth model
(CCQG) ]; the random fluctuation model (R51]; and that-growers’, ‘slow-growers’

model (FGSG ].

2.2  Crystal growth rate measurement techniques

There have been various techniques for in-situ crystallisation process monitoring and for
measurement of the crystal growth rates. However, different systems and applications require the
use of different methods. For example, transmission light optical microscopy is often used for the

determination of the growth rates of individual crystal faces, while interference contrast, phase
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contrast or interferometric incident light microscopies are usually used for measuring step
velocities, particularly in cases where the step height and spacing is small. Optical microscopy

techniques together with a video imaging and image analysis software have also been used to

derive growth rate data [2 l 53].

This approach has been enhanced through the use of stroboscopic techniques together with
computational methador analysis of crystallisation processes within agitated batch vels [7-
. High speed imaging processes has also been used to capture high resolution images on-line

and perform real-time, in situ particle analy,, 54]. Other methods reported for

growth rate determination include atomic force microscopy (ARM) [55-59], Michelson

interferometry|[60-6#] and laser polarization-interference techei@.

2.3 Assessment of theinterfacial growth mechanism for growth rate data

The growth rate of a crystal face is dependent on its underlying growth mecism [66], which,
in turn, is governed by the nature of the molecular attachment of solute molecules onto the
growing crystal surfac?]. There are three generally accepted mechanisms forgcoystal

A

each of which reflects on a particular range of supersaturi@igurd 3.

2.3.1 Screw didocation (BCF) mechanism
According to the BCF mechanism (Burton, Cabrera and F) [68], at low supersaturation, the

crystal growth process occurs via 2-dimemsional diffusion of solute molecules over the crystal
surface. The incorporation of growth unitst@the stepped surface provided by protrusion of
dislocations leads to the formation of a growth spiral over the crystal surface craating

permanent source of growth steps at the crystal surface. As tsteddily allows the attachment

11



of growth units oto the surface hence facilitating its subsequent growth and development. The

resulting growth rate expression is given by:
= Ao’ tanh
Ru = Ao é) (10)

whereo is relative supersaturation and A and B are complex tempecdpeadent constants.

2.3.2 Birth and Spread mechanism (B& S)

In the absence of a permanent source of surface steps, the growth rate is limited by 2D nucleation
through the B&S mechanis 70]. In this, at higher supersaturation nucleation can occur
without the need for the existence of the edge and kink sites provided in the BCF mechanism
and this can take place anywhere on the crystal surfaces. Surfaces growing wiictiasism
develop through the nucleation (birth) and gifoygspread) a monolayer. After nucleation, further
molecules can absorb and integrate into the existing monolayer thus enabling it to spread over
the surface followed, in turmy further 2D nucleation events when the surface layer has fully
spread over the surface. In this mechanism, the relationship between the face growth velocity and

supersaturation can be expressed through a largely exponential dependence on supersaturation:

Ry = Ac™® exp(%) (11)

Where A and A are system-specific constants

2.3.3 Continuousgrowth (rough interfacial growth) model:

At high supersaturation, the growth interface undergoes surface roughening providing through
this abundant sites for surface integration with a lot more step and kink sites thus resulting in a
much higher growth ratl]. Within this region, the energetics of growth unit attachments are

the same regardless of the direction of solute adsorption producing morphologies which result in

12



the loss of a coherent set of surface terraces and well-defined crystal habit planes for growth. In
extreme cases this can lead to the formation of a hr [72] or detic [73] crystal forms.
Multi-nucleation can also take place within the same spatial region resulting in formation of
intergrowths, inter-crystal aggregates as well as twi g [74] and spheic [73] growth forms.
In this region, growth is expected to proceed via a linear dependence of the growth rate on
supersaturation:

thl = Ao (12)

Where A is a constant

Growth rate (R)
—_

(e)

N
= = A Es
‘5 Transition

Supersaturation (o)

Figure 3 Schematic diagram illustrating the different crystal growth ratéhanesen place at the
crystal/solution interface, involving BCF (a) B&S (b) together whle expected correlation of these
crystal growth mechanisms as a function of solution supersaturation (d)eatrdrisition between stable
growth on smooth surface to unstable growth at the roughened crystal/satigidace ((d) and (e)).

Reproduced with the permission of Journal of Physics D: Applied Physics, 1993. 26(85) B7. [75]
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For a given material, crystal symmetry may give rise to different surface chemistry lioofeac

the unique crystal forms. This can, in turn, lead to different surface bonding configurations being
associated with the growth process for the different habit faces. Hence, the interfacial growth
kinetics mechanism prevalent for a given crystal face may not be the same as that involved on
another surface. In addition, the supersaturation dependence of the growth rate can also be
expected differ between one crystallographically unique plane and another. Thus, full control
over the particle properties resulting from a crystallisation process ideality requires the

measurement of full kinetic data for each of the dominant crystal habit faces.

3 Materialsand methods

3.1 Materials

lbuprofen (melting point 75-7C, purity> 98%) was obtained from Sigma Aldrich and Tokyo

Chemical Industry UK Ltd. The solvents used were: 95% ethanol/water (the azeotropic
composition of a binary mixture of ethanol and water) from Sigma Aldrich, ethyl acetate 99.5%
Acros Organics, acetonitrile 99.9% from LC-MS and anhydrous toluene 99.8% from Sigma-

Aldrich.

3.2 Experimental apparatus details

3.2.1 Solubility determination

An attenuated total reflection (ATR) UV/Vis spectroscopy system comprising a Varian Cary 50
spectrophotometer equipped with a 6.35mm diameter sapphire crystal titanium sheathed ATR
probe from Hellma Analytics (http://www.hellma-analytics.com/) was employed for solubility
determinations of solutions of ibuprofen in all solvents except toluene where gravimetric
methods were used. The UV/Vis spectrophotometer operated over the wavelength range from

240 - 1100nm and was optimal for the direct measurement of strongly absorbing solutions (high

14



solubility solutions) where standard transmission probes cannot be used. This measurement
approach had further advantages that: it involved no sampling; the solutions did need not be
diluted; it was applicable for the measurement of high-solids content slurries on-line; and it was

easy to set up with a flexible fiber-optics connection to the probe.

Unfortunately the UV/Vis depth of penetration for the ATR probe for the toluene system at the
critical angle increases to infinity at 319 [76] and hence this technique could not be used for
ibuprofen solubility measurements in toluenetHis case, the solubility was determined using

gravimetric methods.

3.2.2 Growth rate measurements

Figure 4 Crystallization system set up for measurement of crystal growth rate in a small sstéde cuv
0.5ml (above) and in a larger scale jacketed-vessell5ml (below)

The growth rates for the {001} and {001} habit planes for individual single crystals as function

of the growth solvent used and the solution supersaturation were measured at two scale sizes:

15



0.5ml and 15ml. The crystallization 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, a PC with image capture and image

analyze softwargh{tp://www.lumenera.com/products/microscopy-cameras/indektorgapture

crystal images during the growth process. The crystallisation vessels (Higure 4) comprised of:

e 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.

e A 15ml jacketed vessel (34 (mm) ID diameter x 17(mm) height), with flat optical glass
dics at the top and the bottom connected to a Huber ministat chiller. The jacketed vessel
was equipped with an ATR UV/Vis spectrometer immersion probe to monitor the

solution concentration and hence the level of supersaturation during crystallisation.

3.3 Experimental techniques

3.3.1 Solubility measurements

A set of saturated solutions with excess, suspended solids of (RS)-ibuprofen in various solvents

were prepared in 20ml vials and put in a shaker unit (MaxQ 2000 Barnstead/Lab-line)

maintained at constant temperature using a Julaboré&giculating bath. The vials were

agitated for 24 hours then allowed to settle for 6 hours to ensure all solids were separated from

the saturated solvent. The saturated solutions were separated from solid phase for solubility

measurement.

(a) ATR UV-Vis spectroscopy method: Calibration curves were obtained by scanning a series

of known concentrations of ibuprofen in solvents over the wavelength range from 300 to
250nm. Solutions of ibuprofen of known solute concentration were analyzet/byis

spectroscopy at the maximum absorbance in UV reginax = 264 nm)

16
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corresponding to the electron transition associated with the benzene ring. e8aturat
solutions at different temperatures were also scanned to obtain absorbances and hence the
solubility of ibuprofen at various temperatures was determined from the calibration curve.

(b) Gravimetric method: One gram of saturated solution at different temperat(@&s2t¥,
25°C, 30°C, 35C was withdrawn and transferred to vials, the solvents were then allowed to
evaporate at room temperature for approximately one week until the remaining mass of
solid-material was constant with time and then the solubility, expressed in gram of

solutes/gram of solvent, was calculated by the equatiog,(g/

Msolid
S = soli

- 1-mge1iq (13)

3.3.2 Thermal analysis measurements

DSC data was measured using a Mettler DSC 820 differential scanning calorimeter. Each sample
was heated from 25 to 85°C &C3min in aluminum pans under nitrogen atmosphere. The onsets
of the melting points and enthalpies of fusion obtained from the integration of the corresponding

exothermic peaks were determined using STadttware.

3.3.3 Growth rate measurements{001} and {011} faces

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/g). For the 0.5ml aqafsette was used

to transfer the prepared solution into the cuvette cell which was sealed ant fixedottom of

the water tank. For the 15ml scale, the prepared solution was transferred into the vessel.

The ibuprofen/solvent solutions were heated {50 completely dissolve all ibuprofen crystals,
then the solutions were cooled down to a constant temperature such as 20, 23, Z&and 27

maintain a specific supersaturation. At the 15ml scale this was monitored using ATR UV/Vis

17



spectroscopy and the system was monitored until crystals were found to appear. Image analyze

software was used to capture a temporal sequence of images of the crystals as they developed.

34 Dataanalysis
3.4.1 Solubility

The ideal solubility of a crystalline material in a solvent was calculated by:

AH
.nxz_m(i_gl

R [Ty T (14)

where X is mole fraction of the ideal solubility of the sojutHs,s is molar enthalpy of fusion of
the pure solutel, is melting point (K) T is the solution temperature (K). The assumption was
made that the heat capacity difference between the melt and the solid state, both at solution

temperature, were independent of temperature and negligible.

From the experimental determination of the solubility data for ibuprofen in solvents, the enthalpy
and entropy of dissolution were calatet using the van’t Hoff equation:

_ AH diss ASdiss
"R TR 15)

where X is the mole fraction of solute in solution axidyiss and ASqiss are the enthalpy and
entropy of dissolution, respectively;
According to Raoult’s law, the activity coefficient of the solute in the saturated solution, y;?*, is

defined as the ratio of the ideal and the experimentally measured solubilities at a given

temperature:

sat sat, sat

ai =X Yi (16)
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wherea$?tis the activity of the solute i in the saturated solutionxgAtienotes the mole fraction
experimental solubility. For an ideal solutiai®* = x:2*.

The calculated activity coefficientg) were fitted with respect to its variation with temperature
by:

Iny=aT+b (17)

3.4.2 Crystal growth rate deter minations

The growth rates of the {110} and {011} faces were measured using two different methods as
shown ihereby measurements are made of the:

e Length of a line from the centre of the crystal and perpendicular to the projection of the
crystal edges for (001) or (00-1) & (011) or (0-11) or (01-1) or (0-1-1) faces (smsum
crystals are symmetric).

e Separation distance between two opposite parallel faces of crystals which is then divided

by two.

Figure 5 Image of crystal with overlaid annotations highlighting the method&odlye measurement of

growth rate of the individual faces

19



Due tothat fact that ‘as grown crystal$ tend not always to be symmetric, the second method can
be a more accurate and is aéser to use than the first one. Assuming the crystal is lying flat

on one of its dominant {100} faces, the in-plane measurements were geometrically corrected
with the aid of the program MORAN8] to allow for the tilt of the {001} and {011} planes
(80.64 and 84.42respectively) with respect to the sample’s {100} habit plane. The growth rates

of the individual crystal faces were determined by capturing images at chosen time-intervals
(typically from 1-10 minutes, depending on the magnitude of the growth rate concerned). The
growth normal distance from the center of the crystals to the faces as a function of time was
calculated. The growth normal projection with time was found to be linear reflecting only a
slight depletion of the solute concentration. This was used to assess the individual growth rates
as a function of habit plane. Mean growth rates, together with their standard deviations, were
calculated from the samples measured, typically between five to eight crystals under similar
conditions. The linear growth rate of individual crystal surfaces was estimated from the increase
of the distance from center to the face during each time interval. The coefficient ofonariati
(CVy) for the growth rate of each crystal face in each solvent and two scale-sizes was calculated
by:

SD
h =+ (18)

where SD is the standard deviation and R is the mean growth rate of the crystal faces for single
crystals or the mean size of volume based distribution for a population of crystals in agitated

vessel.

20



3.4.3 Growth mechanism

The growth mechanism was investigated through the use of user-defined fitting function using
the two appropriate growth kinetic models, Birth and Spread (equation 4) and BCF (equation 5)
expected for facetted growth and the results compared to evaluate which model gave the better
fit. The data fitting was carried out using the nonlinear curve-fitting options in n [79]. The
quality of regression can be measured by the coefficient of determinatioim Fis, if the
adjusted R-square were found to be close to 1, the relationship between supersaturation and
mean growth rate was regarded as being very strong, i.e. showing a high degree ofceimfiden

the regression model. In contrast, when adjusted Regative this implies that the data fit to the

model is poo].

3.4.4 Surfacechemistry analysis

Molecular scale models of the crystal surfaces were simulated using Accelrys Material Studio
. From this, the changes in the measured crystal growth rates for the {001} and {011}
surfaces with growth environment were rationalised through surface chemistry analysid) throug
which the characteristics of these surfaces (e.g. hydrophobicity, polarity or hydrogen-bonding
propensity were examined and the relative binding interactions between solvent and solute and

the associated inter-molecular interaction involved on specific growing faces were analyzed.

4 Resultsand discussion

4.1  Solubility and solution behaviour

Full details of UV Vis calibration method and the gravimetric studies are given in section S1
within the supplementary materials.
The onset of melting point temperature and heat of fugiti.{ were found to be 75.26 and

25.3KJ/mol respectively. The solubility curves of ibuprofen in ethanol, ethyl acetate, acetonitrile
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and toluene solvents in both conventional and’tvatoff coordinates together with the ideal

solubility relationship are given|(in Figur¢ 6. These data are summarised in table 1.

1.25 (@) 0 (b)

Solubility (g/ml)
o ©°
o A e
InX
N -
Py /

0.25 -3 *
*
0 4 *
10 15 20 25 30 3%t 0.0032 0.0033 0.0034 0.00¢
T (°C) T

Figure 6 Solubility of ibuprofen in ethanol 95% (blue), ethyl acetate (red), aceto(unélen) and
toluene (purple) at temperatures from 15-35°C (a) together with plots of 1/T versofthexideal
solubility (the dotted line) and the real solubility (solid lines) of ibuprofen isdnge solvents (b)
Table 1Enthalpy of dissolution, AH, and entropy of dissolution, AS, of ibuprofen in ethanol, ethyl acetate,
acetonitrile and toluene together with calculated activity coeffi@adt temperature dependence fitting

parameter. Logarithm of activity coefficients of ibuprofen in solvents as a dandi saturated

temperature (equation 11)

Solvents Ethanol 95% | Ethyl acetate | Acetonitrile | Toluene
Dipole moment 1.69 1.78 3.92 0.36
Solubility (mg/g) 26C 822.8 502 152.7 460.0
pAN 987.3 658 254.5 588.7
3c 1240.5 803 356.2 751.5
3e 1594.9 1047.9 508.9 941.0
AH (KJ/mol) 25.23 26.16 53.76 27.6
AS (KJ/K'mol™) 0.07 0.075 0.154 0.08
y (T = 15-35°C) 1.35-1.44 1.04-1.09 3.57-7.60 | 1.14-1.24
a -0.002 -0.0008 -0.0398 -0.0045
b 0.3897 0.077 2.6482 0.2837
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The measured solubility and calculated activity coefficients determined in this study were found

to be consistent with literature daﬂ 82] [(see FigIJre 7). The solubility of ibuprofen is

relatively high in ethanol, ethyl acetate and toluene and muatr lavacetonitrile which can be

rationalized by the polarity thalike dissolves liké A non-polar compound will be most likely

to be dissolvedoy non-polar solvents and vice versa. The solvent polarity can be assessed
through its dipole moment. Ibuprofen is an organic compound with medium polarity due to
containing both polar (-COOH group) and non-polar (benzene ring and substituted giidgip -C
attached to benzene ring) functional groups. While the dipole moment of ethanol, ethyl acetate

and toluene is lower than that of acetonitrile (shown in Taple 1), ibuprofen has a high solubility

in ethanol, ethyl acetate and toluene but a much lower solubility in acetonitrile. Consequently,
the activity coefficient of ibuprofen in acetonitrile (3.57 -7.69) is higher than that in ethanol,
ethyl acetate and toluene (1.04.35).In acetonitrile, where y values are much greater than 1.0,

the solution behavior becomes closer to ideality as the temperature increases. The high values of
y in acetonitrile reflect the stronger solute-solute interactions and concomitantly weaker
interactions between the ibuprofen and acetonitrile molecules. In contrast, the almost ideal values
of y in ethyl acetate, ethanol and toluene are consistent with much stronger solute/solvent
interactions reflecting the me equality of interaction strengths between constituent molecules

in solution i.e. less dependence on to whether solute or solvent.
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Figure 7 Comparison of the measured solubility in this study and from literature

4.2  Growth ratesof {001} and {011} asa function of growth environment

A full set of the experimental growth rate data provided in this paper is given in the section S2 of
the supplementary materials.

The data comprises a total of 125 single ibuprofen crystals, spontaneously nucleated in 120-130
growth runs measured in 95% ethanol/water, ethyl acetate, acetonitrile and toluene over a
supersaturation range from 0.54 to 1.31 at 2 scale sizes 0.5 and 15 mL.

A sequence of images of crystals grown in various solvents in the in-situ 0.5mL crystallization

cell is shown in Figure|8. An example of the plot the distance from the center of thdscrysta

along the growth normal as measured for 5 crystals in the 15ml growth cell to the faces as a

function of time [(Figure P) together with the ATR UV/Vis spectra of ibuprofen in 95%

ethanol/water during crystallization in the 15mL jacketed vessel is gijen in Figure 10 and the

mean growth rates for the {001} and {011} faces are summariged in Table 2.
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Figure 8 Series of optical micrographs of ibuprofen crystals grown in ethanol 95% betwéeh/ and
o = 0.66 (a), in ethyl acetate betweerr 1.20 and ¢ = 0.69 (b), in acetonitrile betweesi=1.12 and 6 =
0.79 (c) and in toluene betweer- 1.17 and 6 = 0.70 (d) at the 0.5ml scale size showing the growth of

the crystals and their morphology as a function of solvent, elapsed time and solvent supensaturat

25



1000 - (@) 400 - (b)
S 2
S 800 - i 300 -
& 600 8
o -
c g g gzoo
© 7400 - = )
@ 8
e & 100 -
8 200 3
B ra
&)
0 T T T T T 1 0 T T T T 1
0 5_ .10 15 20 25 0 5 10 15 20 25
Time (mins) Time (mins)

Figure 9 An example of plot of the distance from the center of the crystals along the growHsareh
for 5 crystals in the 15ml growth cell to the faces as a function of time. The slope of thedmthg
measured growth rate of the face for the estimation of the growth rate for the {011} and {00Edabe
line presents for the growth rate of individual crystals over time: (a) the {011} fatleasincd atc = 0.66

and (b) the {001} face in ethanol at= 0.66
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Figure 10 An example of ATR UV/Vis spectra of ibuprofen in ethanol 95% during cryataih in the
15mL jacketed vessel as obtained every minute over the period of 30 mins (a); Solute concesitrajion (

and relative supersaturation (red) calculated from the UV-Vis absorbance calibration model (b
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Table 2 Mean growth rates of {011} and {001} faces of ibuprofen in ethanol 959, &tetate and
acetonitrile and toluene in the 0.5ml cell and jacketed-vessel 15ml

Choice of S-1(o0) Number Mean Growth Rate R(pm/min)
solvents of R
crystals {001} OLL)
0.5ml scale| 15ml scale| 0.5ml scale] 15ml scale
Ethanol 0.66 5 36+0.7 | 3805 | 85+21 11.1+0.8
95% 0.79 8 46+04 | 56+10| 11.8+1.1 149+1.4
0.89 5 6.2+08 | 7.2+08 | 143%+15 16.9+ 0.9
0.97 5 80+09 | 89+04 | 16.6+1.7 184 +1.1
1.17 5 13.2+16 | 13.2+0.7| 21.6+1.3 246 +4.1
Ethyl 0.54 6 1.8+0.3 1.9+03 | 17.7+2.0 19.1+ 3.7
acetate 0.69 5 34+04 3909 | 31.6+1.8 36.5+3.0
0.76 6 44+06 | 58+04 | 375+3.1 41.7+4.1
0.85 7 6.3+04 | 6.6+0.7| 425+3.2 47.1+2.1
0.97 7 8.3+0.8 | 10.1+0.8| 48.9+3.7 53.0+2.2
1.06 7 9.7+0.8 | 126 +0.5| 52.1+6.6 58.6 + 3.3
1.20 7 122+26 | 13.8+1.2| 61.3+7.7 65.4 £+ 3.7
Acetonitrile 0.79 6 36+07 | 48+10| 51.5+52 | 56.3+5.0
0.93 5 50+0.3 | 5.8+0.3 | 60.0+6.7 72.9+35
1.03 6 74+20 | 93+06 | 79.9+115| 854+7.9
1.12 6 10.7+2.0 | 12.7+1.4| 90.0+11.7 | 104.9+8.8
1.31 6 146+26 | 169+1.4| 112+125| 121.4+12.6
0.7 6 1.8+0.2 24+05H 27.8+1.8 32.0+2.3
Toluene 0.78 5 21+0.2 | 28+05| 305+26 33.6+4.4
0.86 6 32+06 | 3508 | 34.1+4.2 38.7+3.1
1.17 6 44+1.7 50+£04 | 40.2%+5.1 43.8+2.4

The growth rate of the {011} and {001} faces of ibuprofen in ethanol in this study was compared
to previous kinetic studies on organic materlals (Table 3) and also to previous work on ibuprofen
by Rashid et al [11]Table 4

rate equation:

G =kso"

where G is the linear growth rate which is calculated by dL/dt (L is a characteristic crystal siz

). In the latter case the kinetic data was modelled using an empirical

(19)

taken as the volume median size of the distributiog)s kkhe growth rate coefficient and n is the

kinetics order.
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In this the fitting revealed thatk= 15 and n = 1.

Table 3 Comparison of the mean growth rates with the growth rate calculateRasind|([11]
Super saturation This study Data after Rashid
o Face{001} | Face{011}

0.66 36-38| 85-11.1 9.9

0.79 46-56 | 11.8-11.9 11.85
0.89 6.2—-7.2 | 14.3-16.9 13.35
0.97 89-89 | 16.6-18.4 14.55
1.17 13.2 216 -24.6 17.55

Table 4The growth rate of some organic materials from literature

Compounds TCC) |o Mean growth | References
rate(um/min)

Tripalmitin (melt) | 47— 52 12— 27 Staple, A.G. F et a[. [12

Paracetamol in 60% 0.25 18 O’Ciardha et al.

methanol and 40%

water

L-Glutamic Acid 0.47-0.5| R.:1.5-1.9 |Wang, X. Z. et al[[1B]
Rw: 0.3-0.36

Paracetamolin the 0.06 -0.26/ 1.2-9.6 | Finnie, S. D. et al[ [3]

[110], [010] and

[001] direction

* R,and Ry : Growth rate for length and width of needle-like crystals
The mean growth rates (R) of the {001} and {011} faces increase quite significantly with
increasing relative supersaturation. R{001} and R{011} are responsible for definingplene

shape of the crystals. For all the solvents studied, R{011} was found to be greater than R{001}
in particular for crystals grown in ethyl acetate, acetonitrile and toluene. This anisotropy results

in crystal morphologies with higher aspect ratios notably more elongated crystals in ethyl acetate,

28



acetonitrile and toluene solutions ($Eigure 12). No significant differences were observed

between the two scale sizes. Considering the four solvents together, for solutions at the same
supersaturation level, R{011} in acetonitrile was found to be the highest and R{011} in ethanol
the lowest. R{001} of ibuprofen crystals in ethanol and ethyl acetate were found to be fairly
similar and R{001} in acetonitrile lower. R{011} in acetonitrile was found to increase much
more with increasing supersaturation when compared to other solvents. The rate of change of
growth rate with changing supersaturatidR/dc) for the {001} and {011} faces in the four
solvents was not found to follow a linear relationship. Specifically, in ethyl acetate the gradients
of R{011} with supersaturation (g1} /do) for ¢ > 0.76 were found to be lower than those
measured fos < 0.76. At 6 <0.76 dryo113/do is 90.4 and gooy /do is 11.6but at 6 > 0.76 dro11;

/do is 50.7 and Mo} /do is 17.4.

At the 15ml scale, R{001} and R{011} were found to be greater than that found for the
measurements at 0.5ml. According to Noyes and Whi [84], the driving force for crystal
growth is the difference between the concentration in the bulk of solution and at the solid surface.
As crystals start to grow, the concentration drops at the interface between the boundary layer of
solution adjacent to it thus facilitating the concentration gradient with respect to the bulk solution
which drives the solute diffusion process through which solute molecules move from the bulk
solution phase to the growing crystal. It can be postulated that the mass transfer for the larger
scale size, due to the larger solution volume consistent with a faster diffusion rate would be
greater at the 15ml solution when compared to the 0.5ml scale size. Hence it can be expected that
the driving force for the crystal growth should be somewhat less in the 0.5mL cuvette. With the
same amount of crystals forming for both scale sizes, the local supersaturation levels might be

expected to decrease faster in the smaller 0.5mL solution when compared to that in the 15mL
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cell. However, examination of the ATR UV/Vis data measured in-situ in the 15mL cell shows
supersaturation level to be comparatively constant during the crystallisation process. This
probably reflects the small amount of crystals nucleated in the vessel resulting in only a modest

and perhapun-detectable supersaturation change.

4.3 Crystal morphology asa function of growth environment

The morphology of ibuprofen crystals as a function of solvent and supersaturation was found to
be quite consistent from crystal to crystal and between two scale sizes in good agreement with
previous studieﬂﬁElZ?]. Pldike ‘hexagonal’ crystals were obtained from ethanol whilst

more elongated forms were found in ethyl acetate, acetonitrile and toluene. Crystals prepared
from toluene and acetonitrile solutions were found to grow with the most needle-like
morphology. The former exhibited a degree of curvature on the {001} faces which might be
consistent with the onset of kinetics roughening. The microscopic images obtained were of very
high quality revealing the traces of the growth sector boundaries and revealing no evidence for
the presence of a substantial level of crystal defects such as solvent inclusions, twining etc.
Changes of relative growth rate of the {001} and {011} faces with solvent-type and
supersaturation reselti in a variation of the crystal aspect ratios reflecting the fact that the

crystals tended to be more elongated in the polar aprotic and non-polar solvents and with

decreasing supersaturation, as showfigure 11l and Figure 1P. Similar effects were reported

by Ristic, et al.] who observed that the growth morphology of monoclinic paracetamol from
pure agueous solution at different supersaturations eedliat strong supersaturation-
dependece associated with a change from a columnar to a plate-like habit with increasing

supersaturation.
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Figure 11 Representative micrographs taken from in-situ images at 0.5mL scale size sumtharizing

influence of solvent and supersaturation on the growth morphologies of ibuprofen togtthiee w
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vacuum morphology figure from Buny26]. Note that the aspect ratios mostly tend to incthase wi

decreasing supersaturation.
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Figure 12 Aspect ratios of ibuprofen crystal grown from 95% ethanol/water (blue), ettagedced),

acetonitrile (green) and toluene (purple) versus relative supersaturation atlewsizest 0.5ml (squares)

and 15ml (circles).

It was found that at higher levels of supersaturation for all solvents (particularly ethanol) the

crystals were found to present significantly large higher order re-entrant faces at the boundary

between {011} and {01-1}, s€

e Figure |[13. The mechanistic origin of this effect is currently

being characterised in further detail and the results will be presented in a future publication.

Growth sector

Figure 13 Schematic (a) and pictures of ibuprofen crystal grown from 95% ethanol/wategt()iticale

(c), ethyl acetate (d), and toluene (e) showing the emergence of higher index re-entrantliaces at

boundary between the end-capping {011} faces

32



The morphology of a crystal in different growth environments depends, collectively,eon th
relative growth rates associated with its constituent crystal habit faces. Mechanistically, these
rates reflect the balance between the rate of desolvation of solvent molecules and the rate of
solute adsorption at the different crystal growth interfaces. Ultimately these rates are linked to
the respective interaction energies associated with the solute and solvents molecules on these
surfaces. Hence, the growth rate of an individual habit face can be rationalised in terms of the

respective binding between solute and solvents on specific faces using molecular modeling to

examine the molecular arrangements present on at the {011} and {001} surfaces as shown in

Figure 14 Molecular packing diagrams based upon the crystallographic structuteshel¢001} face
showing its hydrophobic nature witleH; groups exposed at the surface with the protic COOH groups
exposed in one direction and in a quite restricted position; (right) {011} face shawmngre polar
surface with expose€OOH groupsat the surface with two different directions that are more exposed
and easier accessible tha@OOH group on face {001} which provides good binding sites for polar

solvent molecules.

On the {011} face the molecules can be seen to be arranged alternatively neargl pachll
perpendicular to the surface and exhibits great hydrophilicity because the -COOH groups are

more exposed and easier accessible for the formation of the hydrogenhemais so the use of polar
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protic solvents (ethanol with -OH groups which can act either as a hydrogen bond donors or
acceptors) would inhibit the growth of {011} resulting in shortened crystals (plate-like crystals)
On the contrary, the more polar aprotic (ethyl acetate or acetonitrile) or non-polar (toluene)
solvents would be less likely to interact on the {011} surface and more likely to bind to the
hydrophobic {001} surfaces thus resulting more elongated crystals for theses solvents. Moreover,
interactions of less polar solvents with alkyl groups on the {001} face hinders the growth of this

face.

4.4  Variation in growth rates between crystals prepared under the same

conditions

Each crystal growth rate data point reportefIable 2represents a mean value from between

five and eight individual crystals for which the growth rate was measgured. Figure 9 illustrates the

growth of the {001} and {011} face over time for five individual crystals. The face specific
growth rates were found to display a good linear fit with time for each crystal surface indicating
that these surfaces follow the constant crystal growth model which proposes a constant relative
growth rate of each crystal during the growth period, albeit with different growth rates for
different crystals. The average standard deviation of these particular crystal measurements was
found to be about 12%. The % crystal growth rate variation crystal by crystal and for both faces
was found to increase with an increase in the mean growth rate in a similar manner to previous

observations made on citric acid monohydiate [86], sue [87], and pins [18]. The growth

rate variations of ibuprofen are summarisefl in Table 5. Comparing these data with that from

other organic and inorganic materials ($able § showsagood broad agreement.
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Table 5. The coefficient of variation (%) for the growth rate of the crystal faces

Solvent type The {001} face The {011} face
0.5mL 15mL 0.5mL 15mL
Ethanol 0.12 0.103 0.12 0.09
Ethyl acetate | 0.123 0.10 0.095 0.07
Acetonitrile 0.177 0.103 0.12 0.083
Toluene 0.193 0.173 0.092 0.084

Table 6. Growth Rate Dispersion of some other organic and inorganic materials

Materials The coefficient References

of variation
Lysozyme (face {110}) | 0.05-0.2 Judge et al| [18]
Lysozyme (face {101}) | 0.05-0.33 Judge et aI8]
Paracetamol (face {110} 0.061 - 0.141 Finnie et al.
Sucrose 0.28 Berglund and Murph 7]
Citric acid monohydrate | 0.35 Berglund and Larso 6]
ADP 0.37 Garside and Risti¢ [17]
Ibuprofen 0.07-0.19 This study

However, caution should be exercised in over interpreting this data as errors e.g.tlieie to
blurring of the crystal boundaries together with minor errors from manual measurements etc.
could have benintroduced. Nonetheless, the standard deviations of the measured growth rates
are broadly representative of the expected variation in growth rates of crystal habitnface
individual crystals. According to observations of sequence of single crystals grown during a
period of time, there were different growth rate between four similar faces (011), (0-11), (01-1)

and (0-1-1) faces and each crystal grows at slightly different rate in the sadigons. Given
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that the initial size of crystals studied was very similar, these observations are more consistent

with being due to growth rate dispersion (GRD) rather than one of size dependant growth (SDG).

In this study, the growth rate data shows a lower growth rate variation for the growth of
spontaneously nucleated crystals in stagnant, supersaturated solutions compared to the GRD
observed in a stirred batch crystallizer which was measured from size distribution of crystals
from seedin]. The latter study showed ibuprofen growth in absolute ethanol at the 1L stirred

seeded batch crystallisation vessel size exhibits GRD with a log normal distribution of growth

rates having a spread of the coefficient of variation G\O/5 (Figure 15)Similarity, studies of

the growth rate behaviour of anhydrous sodium sulphate revealed that GRD of single crystals
grown in a flow cell was less than that found among a population of crystals prepared in a batch
crystallizer]. This latter data was rationalised in terms of the crystal collisions occurring in

the agitated crystalliser producing greater numbers of faster growing nuclei.

0.7
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Figure 15 Distribution spread GVersus experimental growth time af@5n absolute ethanol

(reproduced with permission from Rashid .[11])

Whilst a significant number of studies have been carried out, the mechanism of GRD is still a

matter of some debate. The growth rate of the {001} and {011} faces showed a trend of higher
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GRD at the higher supersaturations and the GRD in the 15 mL vessel is less than that observed
for the 0.5 mL cuvette. These observations are similar to the data recorded for other materials
citric acid monohydratmm, sucroﬁB?], and prot [18]. At the higher supersaturations, the
nucleation rate was found to be greater, which means more crystals are generated in the in-situ
cell which grow at the same time in solution resulting in a more rapid desupersaturation of the
growth solution at the smaller scale size (0.5 mL). The GRD effect was not found to vary
significantly between the solvents except for toluene. However, this observation might due to the
very needle-like crystals produced with this solvent, e.g. curvy {001} faces which were found in

toluene.

45 Characterisation of theinterfacial growth mechanisms

The microscopy observations reveal that the crystal growth was clearly planar in nature. This,
together with the appearance of crystals which are bounded by well-defined crystallographic
surfaces which are not roughened would suggest that the growth mechanism would be either due
to the BCF or B&S mechanism. This supposition is confirmed through examination of data

presented iEigure 16which show that there is a strong and non linear dependence of the relative

growth rates, on supersaturation ruling out models, such as the rough surfacﬂodel [71] for
which a linear dependence of growth rate on supersaturation fitting would be expected. Plots of

the measured crystal growth rates versus relative supersaturation together with fitting against

both these models are giveT in Figure 16.
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Figure 16 Plots of the growth rate versus relative supersaturation in ethiared] dohyl acetate (red),
acetonitrile (green) and toluene (purple) together with fitted B&S (s$ioke$) and BCF (dotted lines)
mechanism model®r both {011} (left) and {001} (right) and for both 0.5mL (top) and 15mL (bottom)
Table 7 Fitting parameters for the faces {011} and (002) of ibuprofen groethamol 95%, ethyl acetate,
acetonitrile and toluene with BCF model (equation 10) and B&S model (equaliaagether with the

adj.R;

Solvent choice 0.5mL 15mL
{011} face {001} face {011}face {001}face
B&S BCF B&S | BCF B&S BCF |B&S |BCF
Ethanol A 41.782 | 16.540 | 39.41 | 8.03 29.13 | 33.97 | 32.28 |9.42
95% B -0.962 | 8.79E8 | -1.51 | 4.2E11| -0.40 |0.65 |-1.22 | 3.30E8
adj.R 0.986 |0.966 |0.94 |0.94 0.99 [0.99 |0.996 |0.992
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Ethyl @ 152.62 | 65.02 162.55 | 72.95
054076) |2 |0906 |oora |3194(815 | g7 |oos | 4157 1016
R ' ' -1.29 | 2.2E9 ' ' -1.36 | 8.3E12
Ethyl A 6153 [5341 | "o | or 6356 |54.75 | (' oor | G0l
acetate (o = | B | -0.20 | 49.22 ' ' -0.15 |48.74 | '
0.76-1.20) adi.R | goo5 |-0.22 0.998 | -0.28
Acetonitrile | A 167.66 | 72.09 |70.88 | 6.05 175.15| 82.03 | 91.95 | 7.69
B -0.81 |37.45 |-2.38 |2.0E8 | -0.75 |32.75 |-2.47 |1.91E6
adiR | 9037 |0.872 |0.891 |0.70 0.99 |0.88 |0.932 | 0707
Toluene [A 33.76 |4525 |9.56 |3.51 32.46 | 39.82 |6.902 |5.858
B 0.078 |24.89 |[-1.00 |46.2 0.21 |8.07 |-0.528|0.857
adiR |09s8 |-577 |077 |0.76 0.97 |-5.86 |0.994 | 0.994

Table7|showed shows the fitting parameters A and B (see equation (10) and (11)) and the adj. R

for the faces {011} and {001} grown in various solvents fitted against the B&S and BCF models.
Generally and overall, the B&S model provides a better fit to the data than that for BCF model
for most data measured. The main exceptions are for R{011} and R{001} in ethanolic solutions,
which provided broadly similar values for the fitting adf. .97-0.99) for both models.

In ethyl acetate, the growth rate was studied at lower range of supersaturations, i.e. from 0.54 to
1.2. It was shown that at supersaturation ¢ from 0.54 to 0.76 R{011} versus o fits well for both

BCF and B&S model (the adj.’R 0.996 and 0.973, respectively). However, at o ranging 0.76 to

1.20 only the B&S shows acceptable fit (the adj.=R0.995 for B&S and -0.22 for BCF)
consistent with the growth mechanisms where the BCF mechanism might be occur at low
supersaturatiol]. At intermediate supersaturatioenfsofn 0.54 to 0.76) spiral growth and

birth and spread mechanisms may both be present. However, at higher supersasufaimn (
0.76 to 1.20) the B&S mechanism provided a better fit to the data. This observation might
suggest a change of the growth mechanism between these two supersaturation regions.

In summary, thecrystals grown from four solvents were mostly found to be consistent with

crystal growth mediated by the B&S mechanism over the range of supersaturations from 0.54 to
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1.31. For some solvents and supersaturations the BCF model was also found to provide an
aceeptable fit. In addition the data revealed no significant evidence for any mechanistic changes

associated with crystal growth between scale sizes.

5 Conclusions

The solution mediated crystal growth rates of the {011} and {001} faces of spontaneously
nucleated ibuprofen crystals have been measured as a function of supersaturation and solvent
under diffusion-limited conditions at two scale sizes (0.5mL and 15mL). The results show that
the mean growth rate of the {001} and {011} faces were found to increase with increasing
relative supersaturation withdg;; being higher than ;. This is found particularly to be the

case for crystals grown in ethyl acetate, acetonitrile and toluene solutions at the two different
scale sizes.

At a similar supersaturation level,pR; were found to be lowest in ethanol and highest in
acetonitrile with Ryo1y lowest in toluene and highest in ethanol and ethyl acetate. The difference
in the growth rates between different crystal surfaces as well as the growth rate of the same
surface when grown from different solvents can be rationalised in terms of the differen@es in th
inter-molecular interactions between crystal surfaces and the solvents. Chatigeselative

growth rate of the {001} and {011} faces with solvent type and supersaturation level &ause
change in the crystal aspect ratios associated with the crystals becoming more eloreghigd in
acetate, acetonitrile and toluene solutions in comparison to the crystals grown in 95%
ethanol/water. The aspect ratios for crystals grown at 0.5 mL and_Igale-sizes were found

to be quite similar. GRD was found to occur for crystal growth on both surfaces and at all
supersaturation levels. Howevérwas found to be less pronounced when compared to the case

of crystals prepared ia stirred batch crystallizer (Rashid et al., 2012). The growth ratgs R
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and Ro1yy in the 15mL vessel are greater than the growth rates in the 0.5 mL cuvette possibly
due to better mass transfer environment in the larger vessel and due to the fact that
supersaturation levels probably decrease more rapidly in the smaller vessel. However, the GRD
measured in the 15 mL vessel was found to be less than the GRD in the 0.5 mL cuvette. The
supersaturation ¢ at the 15 mL scale as measured in-situ using an AJR/Vis
spectrophotometer was found to be nearly constant during the growth process, supporting the
utility of this methodology for the routine determination of the growth kinetics and mechanism.
The B&S interfacial kinetic model was found to describe best the dependence of the growth rate
of the {011} face and {001} face on the supersaturatofiom 0.54 to 1.22, albeit for a few

cases the BCF mechanism was also found to fit that data satisfactorily.
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