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Nucleation – a Transition 
State to the Directed 
Assembly of Materials
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nucleation of alpha-para amino benzoic
acid from ethanolic solutions: a multi-scale
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The molecular assembly and subsequent nucleation of para-amino benzoic acid (PABA)

from ethanolic solutions is probed using a multi-scale and multi-technique approach.

This is applied by examining and interrelating information regarding the molecular,

solution-state, cluster, solid-state and surface structures to understand why the alpha

form of PABA is crystallised in preference to its low temperature beta form. Calculations

suggest that conformational changes within the solute molecule play little or no role in

directing the nucleation of either the alpha or beta crystal forms. Combined ab initio

and molecular dynamics calculations of the stability of small clusters in solution

suggests that the hydrogen-bonded carboxylic acid dimers, present in the alpha

structure, are the most stable in solution and play a major role in the self-assembly and

polymorphic expression of the alpha form in ethanol in preference to the beta form.

These calculations are in good agreement with X-ray small-angle scattering analysis

which reveals the presence of PABA clusters in ethanol which are consistent with the

size and shape of a carboxylic acid dimer. SAXS studies also reveal the presence of

larger cluster structures in a size range 10–40 nm which appear to grow, perhaps

reflecting a change in the balance between monomers and dimers within the solution

during the nucleation process. The results of crystallisation-kinetics experiments

indicate an instantaneous nucleation mechanism where the number of instantaneously

nucleated crystallites is calculated to be 1360–660 nuclei per ml and the subsequent

growth is found to be only rate limited by diffusion of the growth unit to the crystallite

surface. A linear dependence of growth rate with respect to supersaturation is observed

for the (0 1 �1) capping face, which is associated with strong p–p stacking interactions.

This is consistent with a solid-on-solid mechanism associated with surface roughened

growth and concomitant poor lattice-perfection. Conversely, the side (1 0 �1) surface

has a growth mechanism consistent with a 2D nucleation birth and spread mechanism.
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Hence, these mechanisms result in very fast growth along the b-axis and the needle-like

morphology that is observed for alpha-PABA.
1 Introduction

Research into the molecular-scale mechanism that underpins the directed
assembly of crystalline materials from the solution phase into a solid-state
structure through a crystallisation process is currently of signicant interest.1,2

The crystallisation of organic crystals is important to the pharmaceutical and ne
chemicals industries in terms of their application as crystalline ingredients or
formulation components as used for a variety of materials and products such as
drugs, pigments, agrochemicals and confectionery. Crystallisation under
moderate supersaturation conditions is generally understood to comprise an
initial 3D nucleation stage followed by the faceting of the nucleated cluster and its
subsequent development to macroscopic dimensions through the 2D surface-
mediated growth on the crystal's habit planes. Both the nucleation and growth
stages are important with respect to their role in directing many of the key
physico-chemical properties (see Fig. 1) of a crystal and/or the same when
formulated into a product. Such attributes can be important in terms of a
material's or product's practical utility and subsequent performance.3–6 Exami-
nation of Fig. 1 thus reveals the importance of being able to understand and
potentially control the initial stages of the crystallisation process and, in partic-
ular, the inter-relationship between the structural nature of the initial nucleated
clusters and the kinetics associated with their formation and the physical and
chemical properties of the crystalline materials produced.7,8

In general, the process of nucleation is postulated to occur from the initial
formation of molecular clusters to which further molecules attach to the cluster
until it exceeds a critical size and a particle nucleates9,10 and subsequently further
develops through growth. There is a rich body of literature in the elucidation of
thermodynamic data concerning the nucleation process, and this was covered in
a recent review by Davey et al.11 However, elucidation of the kinetic and structural
aspects of the nucleation process has proved more challenging. Recent studies
have demonstrated how advancements in experimental methods, at the one
millilitre scale, have resulted in further development of theory describing the
kinetic aspects and solution structure of the nucleation process utilising statis-
tical methods.12–14 As an alternative, increases in computing power have vastly
improved the sophistication and physical relevance of simulations of solution
Fig. 1 Schematic showing the role played by crystallisation fundamental parameters
(nucleation and growth) on directing the physical properties of solid forms.
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structure, self-assembly and pre nucleation clustering.15–18 This has, in turn,
further increased the information about aspects of the nucleation process that are
difficult, or even impossible, to measure experimentally. Reecting these devel-
opments, a combination of advanced experimental and simulation techniques
have been utilised to probe the nucleation process for the alpha form of a model
compound para-amino benzoic acid (PABA) in ethanol (EtOH).

PABA contains the kind of hydrogen bonding (H-bonding) functional groups
that are typical of those present in many pharmaceutical compounds and is
known to crystallise in two well-dened polymorphs, alpha and beta (Fig. 2).
A more recent study of the crystallisation of PABA from aqueous solutions con-
taining selenous acid has identied a third polymorph with an orthorhombic
structure.19 However, since only the alpha and beta polymorphs have been
observed to form in EtOH, considerations of polymorphic competition through
solute clustering will only encompass the alpha and beta forms.

The alpha and beta forms share an enantiotropic relationship, albeit inter-
estingly even crystallisation experiments attempted below the transition
temperature oen yield the alpha form. Experimental crystallisation of the beta
polymorph reported in the literature is oen accompanied by concomitant crys-
tallisation of the alpha form.20 Slurry experiments for PABA in EtOH above and
below 13.8 �C (the transition temperature determined) by Glennon et al.21 have
revealed a reversible phase change, with alpha to beta conversion below 13.8 �C
and beta to alpha conversion above 13.8 �C.

Despite the study from Glennon et al.21 appearing to conrm the thermody-
namic stability of the two forms as a function of temperature in EtOH, there has
still to be any reported spontaneous crystallisation of the beta form from EtOH
under any conditions. Hence, here we attempt to rationalise this preference for
nucleation of the alpha form by attempting to understand in more detail the
molecular, solution-state, pre-nucleation structure, nucleation and growth
behaviour of alpha-PABA. The molecular level data consist of an understanding of
how conformational changes of individual solute molecules inuence the
nucleation behaviour. Further molecular modelling is utilised to assess the
relative stability of putative, molecular building blocks (dimers, tetramers and
octamers) in EtOH and, complementing these calculations, in situ small angle
X-ray scattering (SAXS) experiments of saturated EtOH solutions attempt to reveal
Fig. 2 (a) Unit cell of alpha-PABA with two molecules in the asymmetric unit and eight
molecules in the unit cell; packing is comprised of carboxylic acid H-bonding dimers and
NH/O H-bonds. (b) Beta-PABA unit cell showing 4-membered H-bonding ring con-
taining NH/O and OH/N interactions.
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Scheme 1 Themes of research topics and techniques followed for the examination of the
crystalline form of p-amino benzoic acid. A combination of modelling and experimental
techniques are used to probe each stage of the nucleation and growth process.

Scheme 2 Flow chart of computation and experimental studies combined to reveal more
information on the nucleation of alpha-PABA.
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solution and pre nucleation cluster structures. Finally, the nucleation and growth
kinetics are investigated and the intermolecular interactions that inuence the
solute clustering and nucleation are compared to the important intermolecular
interactions that control the growth of the nal macroscopic particle. These
processes are summarised in Schemes 1 and 2.

Hence this study attempts to rationalise how each stage of the crystallisation
process inuences not only the nal macroscopic crystal observed, but also how
each stage impacts on the subsequent stages of the crystallisation process.
2 Materials and methods
2.1. Materials

Crystallographic information for all the published structures of PABA is shown in
Table 1.
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Table 1 Crystallographic details of structures submitted to the CSD

Ref code Polymorph a (Å) b (Å) c (Å) Beta (�) Space group Reference

AMBNAC 01 Alpha 18.55 3.86 18.64 93.56 P21/n Lai, 1965
(ref. 22)

AMBNAC 06 Alpha 18.57 3.84 18.63 93.56 P21/n Athimoolam,
2007 (ref. 23)

AMBNAC 04 Beta 6.27 8.58 12.36 100.13 P21/n Gracin, 2005
(ref. 24)
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All experimental work in this paper was carried out with alpha-PABA and
99.9% absolute ethanol both purchased from Sigma Aldrich. The AMBNAC01 and
AMBNAC06 structures for the alpha form differ mainly in the geometry of NH2

group, the AMBNAC01 being slightly pyramidal and the AMBNAC06 being planar.
Interestingly the beta-PABA crystal structure is also pyramidal. In this study the
computational experiments were performed on the AMBNAC04 and 06 structures,
and in recognition of the structures with different NH2 geometry, the confor-
mational space of this functional group was also explored.
2.2. Computational methods

2.2.1. Molecular conformational analysis. Conformational analysis of para-
amino benzoic acid was performed using a hierarchical selection scheme based
on electronic structure theory methods using an in-house computer code.25–27 The
initial conformers created were optimized at the Hartree–Fock level of theory
using a 3-21G* basis set (HF/3-21G*) to identify the lowest energy conformers. The
resulting minima obtained from the HF calculations were optimized at the
B3LYP/6-31G* level of theory. Next, the lowest lying conformers resulting from
B3LYP were optimized at the MP2/6-31G* level of theory. The initial starting
geometry of the PABA molecule was taken from one of the molecules described in
the asymmetric unit of the alpha form (AMBNAC 04). The exible torsions are
shown in Fig. 3 and the optimal step sizes were determined for the hydroxyl group
(180� for A) and more exible bonds (30� for B and C).

The hierarchical selection method using these step sizes generated 288
conformers. All the geometry optimizations were performed using the Gaussian
09 package.28
Fig. 3 Atomic labelling and definition of the dihedral angles considered in the hierarchical
selection scheme.
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A potential energy curve was computed for the transition between a pyramidal
and a planar amino group in an isolated molecule. The transition energy was
evaluated by performing single point energy calculations along the dihedral angle
that denes the pyramidal amino group in a range �140 to 180�. The method used
to scan this dihedral angle was the B3LYP functional using the 6-31G* basis set.

2.2.2. Molecular building block methodology. To select dimers as putative
building blocks for the self-assembly of the crystal structures of PABA, the
strengths of the pairwise intermolecular interactions within both crystal struc-
tures were evaluated using HABIT.29 The operational details of HABIT are reported
extensively in previous publications.30,31 The calculations employ the “atom–atom
approximation” which states that the energy between two molecules is equal to
the energy between all of the constituent atom–atom pairs. The interactions are
calculated using an atomistic force eld, in this case the Momany force eld was
employed32 which is well parameterised for organic molecules containing
carboxylic acid and amine functionality.

Selected pairwise interactions were then evaluated using the COSMO-RS7

approach. This approach utilises two steps. Firstly, the optimisation whereby the
molecule or cluster is optimised using a quantum mechanical calculation within
a conducting solvent dielectric continuum.33 The QM optimisation utilised an
M06/6-31G* level of theory as this includes a dispersion term that is important for
the accuracy of these calculations. Secondly, this calculation is combined with a
fast statistical thermodynamics calculation which allows prediction of the
propensity of the selectedmolecular conformers or clusters in solution.34–37 In this
study, this approach was used for the dimers, tetramers and octamers.

2.2.3. Calculation of solvation free energies for molecular fragments. The
solvation free energies of PABA fragments were examined with the use of
molecular dynamics simulations (MD) utilising the thermodynamic integration
(TI) technique. All the molecular dynamics simulations were calculated with
Gromacs.38 The thermodynamic integration technique was applied in ethanol
from its gas phase at 278 K and 1 atm. The nal state with lcoupl ¼ 1 is dened as
one PABA molecule fully solvated. The initial state lcoupl ¼ 0 is dened as turning
off the electrostatic and van der Waals interactions between solute and solvent
molecules. Nine intermediate windows were used from the initial state to the nal
state with an interval 0.1. For each window, the system was equilibrated for 100 ps
and then sampled for 500 ps. The topology les for the clusters were created with
Antechamber39 using Ambertools and the atom types dened from the General
Amber Force Field (GAFF).40 For the electrostatic potential RESP charges were
used based on the MP2/aug-ccpvtz level of theory derived from the Antechamber
within Ambertools.

2.2.4. Morphological prediction and surface interface modelling. Pairwise
intermolecular energy calculations can be summed within the crystal lattice and
used to calculate the lattice energy (Ecr) with the interactions then partitioned
with respect their position in a growth slice of thickness dhkl into slice energy (Esl)
and attachment energy (Eatt)41 terms according to eqn (1):

Ecr ¼ Esl + Eatt (1)

where Esl is dened as the energy released upon formation of a growth slice and
Eatt is dened as the energy per molecule released when a slice crystallizes on a
84 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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face. In this approach it is expected that the slowest growing faces will be
morphologically important at the crystal surface and thus the relative growth rate
of an individual face is taken as being proportional to the calculated attachment
energy42 for the crystal surface. The attachment energies were calculated on the
morphologically important faces as predicted by the BFDH rule using MORANG.43

The relative attachment energies of each face were expressed as centre-to-face
distances and then used to create a Wulff plot to represent the external growth
morphology using Shape.44
2.3. Poly-thermal and isothermal turbidimetric measurements

Poly-thermal crystallisation experiments were carried out at the 1.5 ml scale with
300 rpm micro magnetic-bar stirring using an Avantium Crystal 16 45 unit.
Turbidimetric detectors were used to monitor the crystallisation and dissolution
temperatures, TC and Tdis respectively.

Solutions prepared at concentrations of 170, 180, 190 and 200 g kg�1 were
heated and cooled in a pre-programmed cycle between 5 �C and 50 �C at rates of
heating and cooling of 0.1, 0.3, 0.5, 0.7 and 1.0 �C min�1. Each heating/cooling
experiment was repeated ve times at each concentration to obtain average values
of Tdis and TC, where Tdis is determined when the transmission value is 100% and
TC is determined when the transmission % decreases below 90%.

Following a methodology presented elsewhere,46,47,48 plots were obtained for
the relative critical undercooling (uc) values against cooling rate (q) in ln–ln
coordinates. The slope of the best linear t of these data indicates the nature of
the nucleation mechanism through the application of the “rule of three” i.e.
instantaneous (IN) (slope < 3) or progressive (PN) (slope > 3). The dimensionless
parameter uc can be calculated from eqn (2)

uc ¼ DTc

Te

(2)

Likewise the value of the critical undercooling, DTc, can be calculated from
eqn (3)

DTc ¼ Te � TC (3)

where Te is the equilibrium solubility temperature.
According to the KBHR approach,46,47 to proceed further with the analysis,

equations 10 to 16 in ref. 48 could be used in the case of PN or alternatively
equations 19 to 24 in the case of IN. The derivation of these expressions is sub-
jected to compliance with the inequalities presented in eqn (4)

uc < 0.1, auc < 1 (4)

Here a is the dimensionless, molecular latent-heat of crystallisation dened by
eqn (5)

a ¼ l

k Te

(5)
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 85
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where k is the Boltzmann constant and l is the molecular latent-heat of
crystallisation.

The value of q0, a parameter related to the dependence of uc on q in the case of
IN, can be related to the number of crystallites C0 at the point of nucleation t0
through eqn (6),

q0 ¼
"

kv C0

ðnþ 1Þd adet

# 1
md

ðaÞn KG Te (6)

where C0 is the concentration of crystallites at the detection point, adet is the
relative volume of crystallites at the detection point, and n and m are growth
exponents for the growthmechanism of the crystallites; with n¼ 1 associated with
diffusion of solute across a crystal/solution interface, and n ¼ 2 indicating the
presence of screw dislocations within the crystallite. The parameter m can take a
value between 0.5 and 1, with m ¼ 0.5 indicating undisturbed diffusion of the
solute to the crystal surface and m ¼ 1 indicating growth through diffusion of
solute through a stagnant layer around the crystal.49 The value of d is the
dimensionality of the crystal growth, i.e. 1 for needle-like crystallites. KG is the
overall growth rate of the crystal and kv is the crystallite growth shape factor e.g.
2A0 for needle-like crystals (where A0 is the xed needle cross-sectional area).

The value of q0 can be obtained through a Nyvlt type relationship, eqn (7),
by plotting the q vs. uc in ln–ln coordinates.

ln q ¼ ln q0 + (n + 1)ln uc (7)

For the isothermal analysis of alpha-PABA crystallising from ethanol, solutions
with concentrations of 180 g kg�1 and 200 g kg�1 were prepared. Themeasurements
were carried out at supersaturations (S) ranging from 1.03–1.10 and 1.07–1.15
respectively (Table 8). The values of Swere calculated using the recordedMSZW data
from section 3.4.1 which gave a MSZW of 5–9 �C in the concentration range studied.

The solutions were then heated to 10 �C above the dissolution temperature and
held for one hour to ensure complete dissolution of the solute. The solution was
then subjected to rapid cooling at 5 �C min�1 to the desired holding temperature
within the MSZW. Themeasured induction time, s, was taken as the difference from
the start time of cooling to the time of the measured transmittance decrease indi-
cating crystallisation. Experiments at each supersaturation were repeated 8 times at
the relevant concentration to provide an average induction time measurement.

The induction time data (s as a function of S) were analysed using classical
nucleation theory50 according to eqn (8)

ln

�
s
�
SðS � 1Þmd

� 1
md

�
¼ ln kmd þ B

ð1þmdÞðkT lnðSÞÞ2 : (8)

The value of d is taken as 1 for a needle-like crystallite, geff is the interfacial
tension, and B is a term related to the molecular volume v0 and the interfacial

tension. Through this relationship a plot of ln
�
s
�
SðS� 1Þmd

� 1
md
�

vs.
1

T3 ðln SÞ2

will yield a straight line with the slope equal to
16p v02geff

3

3ð1þmdÞk3 whereby geff can be
86 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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calculated. If a spherical critical nucleus is assumed, the radius r* and number of
molecules i*, within the critical nucleus can be calculated using eqn (9) and (10),

r* ¼ 2geffv0

kT ln S
(9)

i* ¼ 4pðr*Þ3
3v0

(10)

2.4. Small angle X-ray scattering studies

The scattered intensity I(q) can be evaluated by the general eqn (11), where 4 is the
particulate number density, P(q) is the form factor which describes the electron-
density distribution of the particle and S(q) is the structure factor which details the
distribution of the scatterers in the solution.51

I(q) ¼ 4P(q)S(q) (11)

The unied t method in the program Irena52 was used to model the Guinier
and power law regime observed within the recorded data. The Unied model for a
structural level is as follows;

IðqÞ zG exp
�
� q2Rg

2
.
3
�
þ B

��
erf

�
qRg

6
1
2

�	3

q

�P

(12)

Hence the size (Rg) and fractal dimensionality (P) can be extracted for various
structurally-related scattering levels. Where P < 3 indicates presence of mass
fractals, 3 < P < 4 indicates surface fractals dimensionality and P > 4 indicates
diffuse interfaces.53,54 A detailed derivation of the unied t method and its
application to nucleation of an organic material from solution can be found in the
literature.55–57

Fitting of simple geometrical form factors to scattering data was carried out
using Scatter.58 The form factors, P(q), can be calculated from the scattering
amplitudes F(q) from hypergeometric functions of the form;

PðqÞ ¼ FðqÞ
2 ¼

�
F1

2

�
d þ 2

2
� q2R2

4

��
(13)

where R is the cross-sectional radius of a sphere or cylinder and d is the dimen-
sionality of the 3D shape; d ¼ 3 for spheres, d ¼ 2 for cylinders. Form factors of
cylinders and spheres take into account size distributions of the cross-sectional
radii only, and the distribution type used in this instance was a Schulz–Zimm
distribution.59 These form factors were tted separately to the experimental data
using the simplex and Marquadt algorithms whereby the primary beam intensity,
I(0), the sphere radius and cylinder length were free parameters in the tting
process, and a homogenous core was assumed for the particle geometry.

SAXS measurements were taken at the SAXS-1 beam line at the Brazilian
Synchrotron Light Laboratory, Campinas, Brazil.60 The liquid sample cell of 2 mm
thickness was temperature controlled. The diameter of the 8.3 keV primary X-ray
beam was 1.5 mm. The X-ray beam chamber, including the collimator, sample
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cell, and up to the detector, was fully vacuumed to 10�2 mbar. The Pilatus 300 K
detector for SAXS pattern collection had a dimension of 84 � 107 mm with a pixel
size of 172 micron. This set up allowed a q space range of 0.128–5.4 nm�1. Data
collection times were 29 s with 1 s for detector binning. The SAXS pattern
intensities collected were then corrected for primary beam intensity variation,
transmission, and a background from a clean sample of ethanol was subtracted.

Alpha-PABA solutions in ethanol with the concentration of 247 g kg�1 satu-
rated at 50 �C were prepared. The solutions were pre-heated and kept at 55 �C
while being transferred into the sample cell in the beam line. The cell tempera-
ture was monitored using a thermocouple inserted into the cell next to the sample
environment. During a poly-thermal cooling cycle from 55–30 �C at a rate of 0.1 �C
min�1, SAXS patterns were collected.
2.5. Crystal growth rate measurements

The crystal growth rates of alpha-PABA in EtOH were measured in an analogous
approach to that used in a recent study.61 In this, a 0.8 ml parallelepiped UV
cuvette cell was lled with a supersaturated solution and a seed crystal. The
cuvette cell was placed inside a glass windowed growth cell sat on an IMT-2
inverted microscope. Water was owed round the cuvette cell to control the
temperature, rst at 40 �C to slightly dissolve the seed and remove surface
imperfections, then the temperature was crashed to 20 �C where crystal growth
was observed. Images were captured at 1 or 2 minute intervals using the Innity
Fig. 4 Diagrams and short description of three major growth mechanisms that can be
elucidated from relating growth rate to supersaturation. The BCF growth via spirals, B & S
growth via 2D nucleation and the surface and RIG via a roughening polynucleation
mechanism. Eqn (14) represents BCF, eqn (15) B & S and eqn (16) RIG.
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Analyse soware, which was also used to measure the length and width of the
imaged crystals, which dened the growth rates of the (0 1 �1) and (1 0 �1)
surfaces respectively. These growth rates were measured over a supersaturation
range (s) of 0.03–0.20. In addition, interfacial angles between the side and
capping faces were measured in ImageJ and compared to calculated interfacial
angles from Morang to aid in identifying the capping faces.

The growth rate vs supersaturation measurements were tted to three different
equations that represent crystal growth mechanisms, Burton Carbrera and Frank
(BCF),62 Birth and Spread (B & S),63,64 and Rough Interfacial Growth (RIG)65 shown
in Fig. 4.

Themeasured face specic growth rates (Rhkl) as a function of supersaturation (s)
were tted to eqn (14), (15) and (16) using origin pro, and the best t in terms of R2

value was deemed to represent the crystal growth mechanism for this surface.

3 Results and discussion
3.1. Conformational analysis of an isolated PABA molecule and the associated
transition energy prole for the amino group

Fig. 5a shows themost stable conformers located for the PABAmolecule in the gas
phase. The rst conformer (1) alpha has a planar amino group, whereas the
second conformer (2) has a pyramidalized amino group. The third conformer (3)
is characterized by a 180� rotation of the hydroxyl group of the carboxylic acid
moiety.
Fig. 5 (a) The three conformers of PABA ((1), (2), and (3)) found from the two selection
runs. Relative energies in kJ mol�1 (above). (b) Transition energy profile of the dihedral that
defines the amino group in PABA (a).
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The outcomes of the conformational analysis were found to depend on the size
of the basis set employed in the preliminary geometry optimisation step as
indicated in Fig. 5a. When a small basis set was used the amine group remains
planar (1) even following subsequent optimization with a larger basis set.
However, the global energy-minimum (2) is located directly when a larger basis set
is used for the preliminary geometry optimisation step. The energy difference in
the gas phase between beta conformer (2), which is the most stable one, and the
alpha conformer (1) is 6.19 kJ mol�1. The third conformer found is less stable
than the other two conformers by 30.89 kJ mol�1 compared to beta conformer (2).

To investigate the apparent stability of the planar amine function, a potential
energy curve was computed for the transition from a planar to a pyramidal amine
group. As can be seen from Fig. 5b there is an energy barrier of about 9.35 kJ
mol�1 between the planar alpha and beta pyramidal arrangements of the amine
moiety. This energy barrier is probably the reason that the smaller basis set
optimization stabilizes the planar amine group. The calculation also revealed
from the force constants calculated for the normal modes that the conformation
with a planar amine group represents a local energy minimum.

The conformational analysis shows that the conformations found in the crystal
structures are very similar to the lowest energy conformers found in the gas phase.
This suggests that the molecular conformation plays a limited role in the
nucleation process. This behaviour is typical of inexible molecules as was shown
by the study of aspirin by Ouvard and Price.66 Conversely, it has been observed in
previous studies that exible molecules undergo signicant conformational
change from gas phase to crystal structure.5,6,8,67 These results therefore prompted
a more rigorous investigation into the role of the intermolecular interactions on
the nucleation of the alpha form.

3.2. Solvation free energies calculated for the carboxylic acid dimer of PABA

To calculate the solvation free energies of the H-bonding carboxylic acid dimers
two harmonic potentials were applied to retain the H-bonding between the
molecules during the thermodynamic integration technique, as shown in Fig. 6.

Table 2 shows that two molecules forming a carboxylic acid dimer are
preferred over two non-interacting molecules in ethanol with a free energy
difference of about 5 kJ mol�1 at 293 K, which suggests it is likely that carboxylic
acid dimers form in solution prior to nucleation. Recently, similar computations
for PABA predicted that carboxylic acid dimer formation is more favoured in
acetonitrile compared to ethyl acetate and iso-propyl alcohol and these predic-
tions were found to be in good agreement with experimental nucleation data,51
Fig. 6 Application of harmonic potentials to retain the dimerization of the two PABA
molecules.
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Table 2 Calculated solvation free energies of the carboxylic acid dimer and two mole-
cules of PABA not forming carboxylic acid dimers in ethanol at 293 K and 1 atm. Energies in
kJ mol�1

Carboxylic acid dimer
Two PABA molecules
not forming –COOH dimers DDG

�84.07 � 1.46 �79.19 � 1.49 �4.88

Table 3 Strongest intermolecular interactions from the alpha-PABA structure. Interac-
tions are visualised and labelled on the packing diagram Fig. 7

Bond Multiplicity Distance (Å) Total (kcal mol�1)

Aa 1 8.07 �7.10
Ba 1 8.03 �6.94
Ca 2 3.84 �2.68
Da 2 3.84 �2.58
Ea 1 7.91 �1.90
Fa 1 7.82 �1.28

Table 4 Strongest intermolecular interactions from the beta-PABA structure. Interactions
are visualised and labelled on Fig. 8

Bond Multiplicity Distance (Å)
Intermolecular
energy (kcal mol�1)

Ab 1 4.17 �2.57
Bb 2 8.11 �2.45
Cb 2 5.73 �2.39
Db 2 6.74 �1.46
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highlighting the importance of this molecular building block in other solvents.
The predicted stability of the carboxylic acid dimer in EtOH prompted a detailed
comparison of the stabilities the carboxylic acid H-bonded dimer motif when
compared with other molecular building blocks extracted from the crystal
structures of the alpha and beta polymorphs.
3.3. Dielectric solvent continuum analysis of molecular building blocks in
ethanolic solutions

3.3.1. Stability of dimers in ethanol. The strength of pairwise, intermolecular
interactions in the alpha and beta crystalline structures are presented in Tables 3
and 4:

Fig. 7 and Table 3 show the strongest interactions in the alpha structure are the
OH/O carboxylic acid H-bonding dimers. Interestingly, the second strongest
interaction is the head-to-head p–p stacking interaction. Fig. 8 and Table 4 show
the head-to-tail offset p–p stacking interaction is found to be the strongest in the
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 91
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Fig. 7 Strongest H-bonding intermolecular interactions of alpha-PABA viewed down the
b-axis (left) and strongest intermolecularp–p stacking interactions down the a-axis (right).

Fig. 8 Strongest intermolecular interactions of beta-PABA. H-bonding ring interactions
shown (left) and p–p stacking interactions shown (right).
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beta structure, albeit with interaction energies very similar to that of the OH/N
and NH/O interactions that make up the 4-membered H-bonding ring structure.
These data were used to select ten dimers to analyse using the solvent dielectric
continuum approach, and these dimers were then used to select tetramers and
octamers present in both structures for further analysis.

The ten strongest dimers selected from the crystal structures alpha and beta
are shown in Fig. 9.

Fig. 10 suggests the cluster containing the carboxylic acid dimer is themost stable
in ethanol (DA1). The energies of the non-hydrogen bonded dimers (DA4, DB5 and
DB6) showed that the most stable non-H-bonding dimer is the head-to-tail stacking
motif (DB5). Relative to the H-bonding dimers, the head-to-tail p–p stacking cluster
has comparable stability to the DA2 (NH/O) and DB4 (OH/N) motifs.

Fig. 10b shows the dominance in propensity of the carboxylic acid H-bonding
dimers in ethanol above any of the other strong pairwise intermolecular inter-
actions identied from the crystal structures of alpha and beta.

3.3.2. Stability of tetramers and octamers in ethanol. Fig. 10c shows that the
H-bonding tetramers are the most stable in ethanol. As was observed for the
dimers, the cluster which contains two carboxylic acid dimers (TA1) is found to be
the most energetically stable cluster.
92 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Fragments depicted from the crystal structure of alpha and beta polymorphs of PABA.
Hydrogen bonded fragments: dimers (DB1, DB2, DB3, DB4, DA1, DA2, DA3), tetramers (TA1,
TA2, TA3, TB1), octamers (OA1, OB1). p–p stacking fragments: dimers (DA4, DA5, DB6),
tetramers (TA4, TA5, TA6, TB2, TB3, TB4, TB5), octamers (OA2, OA3, OB2, OB3).
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The large difference in energy between the H-bonding and non-H-bonding
tetramers was reected in the solution propensities calculated. The TA1 structure
appears to dominate due to its composition of two H-bonding carboxylic acid
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 93
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Fig. 10 (a) Relative energies (in kJ mol�1) of the ten dimers from alpha and beta. (b)
Normalised weight factor (population) of ten most important H-bonding and non-H-
bonding dimers. (c) Relative energies (in kJ mol�1) of the tetramers from alpha and beta. (d)
Normalised weight factor of ten most important H-bonding and non-H-bonding tetra-
mers from alpha and beta. (e) Relative energies of the octamers built from the dimers and
tetramers. M06/6-31g*(red) in ethanol.
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dimers. This particular motif was the most stable over the tetramer containing
one carboxylic acid dimer and two NH/O hydrogen bonds, suggesting that the
NH/O interactions are secondary to the OH/O interactions when considering
the overall packing of the structure.

Fig. 10e reveals that for the two octamers selected, the cluster that facilitates
three hydrogen bonded interactions (OA1) was found to be the most stable in
ethanol, whilst the p–p stacked dimers were found to be much less stable than
H-bonded ones in a range of 200 to 400 kJ mol�1.
94 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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Table 5 Average dissolution and crystallisation temperatures for ethanolic alpha-PABA
solutions with calculated standard deviations and critical undercooling from eqn (3)

170 g kg�1 rate
(�C min�1) Tdis (�C) TC (�C) DTc

0.1 32.05 � 0.78 22.40 � 1.13 6.91
0.3 32.18 � 0.87 16.10 � 1.57 13.21
0.5 33.14 � 1.10 7.85 � 2.62 21.46
0.7 35.63 � 1.10 5.40 � 0.14 23.91
1 41.90 � 3.42 �0.67 � 0.32 29.98

Te ¼ 29.31
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The calculated stability of dimers, tetramers and octamers in solution suggest
that the formation of the carboxylic acid H-bonded dimers in solution could be
the rst step in the self-assembly of alpha-PABA and the reason why, under
conditions of spontaneous crystallisation, the alpha form dominates in EtOH.

3.4. PABA nucleation kinetics from ethanolic solutions

3.4.1. Poly-thermal analysis. The measured dissolution and crystallisation
temperatures were analysed using the KBHR methodology. The calculated DTc
Fig. 11 (a) Plot of Tdis and TC as a function of cooling rate recorded for a solution
concentration of 170 g kg�1 (b) van't Hoff plot showing the solubility from crystal 16
measurements of alpha-PABA in ethanol (diamonds) and the ideal solubility of alpha-PABA
in ethanol (squares) (c) plot of q vs. uc in ln–ln coordinates of alpha-PABA ethanolic
solution at 170 g kg�1 (d) optical micrograph of alpha-PABA crystals collected after a
crystallisation at a concentration of 170 g kg�1.
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Table 6 Calculated values of critical undercooling, uc as a function of concentration and
cooling rate

Conc.
(g kg�1) Te (�K)

Slope of ln q
vs. ln uc uc auc

uc < 0.1, auc < 1
(yes/no)

R2 of linear
t to ln q vs. ln uc

170 302.46 1.63 0.083 0.68 Yes 0.99
180 304.85 1.76 0.066 0.54 Yes 0.96
190 307.32 1.71 0.052 0.41 Yes 0.85
200 312.13 1.51 0.042 0.34 Yes 0.86
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values and corresponding standard deviations for the case of 170 g kg�1 solution
concentration are given in Table 5.

It can be seen from Fig. 11a that the crystallisation temperature is highly
dependent on the cooling rate, indicating that the crystallisation is kinetically
controlled. This behaviour can also be understood by analysing the size of the
MSZWwhich exceeds 40 �C at higher cooling rates; this indicates that solutions of
ethanolic alpha-PABA can be signicantly undercooled for long periods of time,
particularly at low concentrations.

Fig. 11b shows a van't Hoff plot of the measured solubility curve from
measured values of Tdis and that this is below the ideal solubility curve, indicative
of solute–solute interactions being favoured in solution. This observation corre-
lates well with the results of the solvation free energy calculations showing that a
solvated carboxylic acid dimer is more stable than two isolated, solvated
molecules.

Fig. 11c shows a plot of critical undercooling vs. cooling rate in ln–ln coordi-
nates for the concentration 170 g kg�1. Table 6 highlights the results of this ‘rule
of three’ analysis for all concentrations of ethanolic alpha-PABA solutions, listing
the regression values for the linear ts and the inequalities test for the data. The
results show that for all concentrations the slope of these plots is <3 identifying
the mechanism of nucleation for ethanolic alpha-PABA solutions in the studied
concentration range to be instantaneous, whereby all nuclei are formed at the
same time, hence the solution will contain a xed number of crystallites following
nucleation.

Table 7 presents the data for q0 and n for the 4 concentrations of ethanolic
alpha-PABA solutions. Considering that n can only take a value between 1 and 2,
Table 7 Calculated values of q0 and the growth exponent, n as a function of concen-
tration for alpha-PABA in ethanol solutions from the slope and intercept of the linear fit to
q vs. uc in ln–ln coordinates

Conc (g kg�1) a ln (q0) n + 1 q0 (K s�1) n C0 (m
�3)

Nuclei/
1 ml DTc range/�C

170 8.17 0.77 1.63 2.16 0.63 1.36 � 109 1364 6.91–29.98
180 8.08 0.07 1.76 1.07 0.76 6.81 � 108 681 7.13–21.30
190 7.94 0.20 1.71 1.23 0.71 7.85 � 108 785 5.09–16.57
200 7.93 0.05 1.51 1.05 0.51 6.63 � 108 663 3.81–13.43
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Table 8 Measured induction times (s) and supersaturation ratios for ethanolic alpha-PABA
solutions. 180 g kg�1 and 200 g kg�1 solution concentrations were cooled to within the
metastable zone at the holding temperatures stated

200 g kg�1 holding
temperature (�C) T (�K)

Average s
(s)

Equilibrium
conc (g kg�1)

S (supersaturation
ratio)

30 303 3746 174.40 1.15
32 305 4780 180.29 1.11
33 306 5850 183.30 1.09
34 307 7700 186.37 1.07
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the calculated values of n aremore likely to be 1 rather than 2. The cases where n is
equal to 1 are indicative of a system whereby crystallite growth is rate-limited by
the diffusion of solute molecules towards the growing crystallites.

The parameter q0 is related toC0 through eqn (6) and with the assumption of the
following parameters; where d ¼ 1, m ¼ 1, adet ¼ 1 � 10�6, KG ¼ 1 � 10�8 m s�1,
kv ¼ 1.28 � 10�10. The value of d was assumed for a needle-like crystallite; m was
assumed to be 1 for growth mediated by diffusion of the solute through a stagnant
layer around the crystal. KG is the overall growth rate of the crystal and was assumed
from a combination of in situ growth studies of alpha-PABA in ethanol solutions
(section 3.6). kv was calculated from kv ¼ 2A0, where A0 is the xed cross-sectional
area in the direction of the long axis of the needle, which is nearly square shaped.
The widths of alpha-PABA crystals were measured using optical microscopy aer
poly-thermal cooling crystallisation experiments; an example is shown in Fig. 11d.
The measured values of the width were found to be in the range 6–10 mm, a middle
value of this range, 8 mm, was chosen as a good approximate value and used to
calculate A0.

The values calculated for C0 at the various solution concentrations are pre-
sented in Table 7. The values calculated for ethanolic alpha-PABA solutions were
found to show good agreement with previous studies of a similar organic mole-
cule exhibiting instantaneous nucleation, aspirin. The values are in the range of
6.6 � 108–1.3 � 109 m�3 for PABA and 1 � 107–1.28 � 1010 m�3 for aspirin.68

The poly-thermal data presented highlight how alpha-PABA nucleates and
subsequently crystallises from ethanolic solutions, where nuclei seem to be stable
to large values of under cooling as was shown by observation of very large MSZWs.
The crystallisation thus appears to be kinetically dependent indicated by the large
variation of TC as a function of cooling rate. These results are consistent with the
fact that steeper TC (q) lines, such as the ones obtained in this case, would deliver
uc (q) lines with lower slopes such as in the case of IN, in which all the nuclei are
instantaneously formed only aer a sufficient supersaturation level is reached.
This fact might indicate that although the van’t Hoff analysis shows that solute–
solute interactions are preferable in solution, the chemistry related to the process
of de-solvation, to further give way to the formation of clusters’ building units,
would still be somewhat rate limiting in the nucleation process.

3.4.2. Isothermal analysis. Induction time, s, data were collected as a func-
tion of supersaturation, S, for a 200 g kg�1 concentration of ethanolic PABA
solution, and are presented in Table 8.
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 97
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Fig. 12 (a) r* (blue) and i* (red) vs. supersaturation for at 180 g kg�1 concentration, (b) r*
(blue) and i* (red) vs. supersaturation for at 200 g kg�1 concentration (c) plot of the
experimental induction time data to obtain Slexp for a solution concentration of 200 g kg�1.
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Interfacial tensions, geff, were calculated for each concentration using eqn (8),
and the calculated slope (Slexp) from the linear relationship which is equal to
16p v02 geff

3

3ð1þmdÞk3 . The linear relationship for a concentration of 200 g kg�1 is shown

in Fig. 12c, where the t to the data is represented by y ¼ 48 641x + 6.8876.
The range of calculated values of r* and i*, together with the slope of the

linear t and the resulting value of geff for the two concentrations of ethanolic
alpha-PABA solutions are presented in Table 9. The calculated values of i* for
the 180 g kg�1 solution shows increasing values from 8–195 molecules as a
function of decreasing supersaturation, ranging from 1.03–1.10, and for the
200 g kg�1 solution the values are lower at 3–19 molecules, which is expected
for a higher supersaturation. These values are represented graphically
in Fig. 12a and b for a solution concentration of 180 and 200 g kg�1

respectively.
Table 9 Calculated values of r* and i* from the extrapolated values of geff for ethanolic
a-PABA solutions at the concentrations 180 and 200 g kg�1

Conc g kg�1 Slexp R2
geff
(mJ m�2) r* (nm)

i*
(molecules)

180 52 935 0.94 0.85 0.69–1.98 8–195
200 48 641 0.98 1.31 0.48–0.91 3–19
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Sullivan et al. have recently reported calculated values of geff for alpha-PABA in
acetonitrile, 2-propanol and ethyl acetate to be in the range of 1.33–2.44, however
the higher values in this case were calculated for a much larger range of super-
saturations when compared to the range used in these experiments. The calcu-
lated interfacial tension and r* values at 200 g kg�1 shows good agreement with
the calculated value of PABA in acetonitrile by Sullivan et al.,12 where the super-
saturation range is very similar in both studies; as such this provides some
condence in the data presented here. The low values of the calculated interfacial
tension for the 180 g kg�1 solution are likely due to the low supersaturation range
studied and hence the range of r* values is large; 8–195.

The critical cluster sizes calculated, 0.48–1.98 nm, seem relatively small
considering the observed stability of PABA in ethanol from the poly-thermal
analysis. To further probe cluster size information during nucleation, small angle
X-ray scattering experiments were conducted to reveal this size information
during a cooling crystallisation of alpha-PABA in ethanol.
3.5. Small angle X-ray scattering studies of alpha-PABA in ethanolic solutions
during cooling

Fig. 13a shows a three dimensional plot of the fully corrected data from the 0.1 �C
min�1 cooling crystallisation experiment, plotted as intensity against momentum
transfer, q, against time in minutes. The data which reect the PABA system
during the cooling process as the solution enters the metastable zone and
subsequently crystallises reveal two regions of interest. The rst region is the low
q region centred around 0.15 nm�1 which exhibits intensity and gradient
increases during the cooling process, indicating increasing numbers and size of
scatterers. The second region is the high q region around 3–4 nm�1 which exhibits
increases in slope and also intensity decreases throughout the cooling process
(Fig. 13b), suggesting the scatterers are increasing in size but decreasing in
number.

The high q region was found to be well represented in q space and exhibited a
Guinier region followed by a power law regime. This latter area is consistent with
scattering from the monomer of PABA or small aggregations of 1–2 nm in size,
such as a dimer of PABA. The low q region was not found to be very well differ-
entiated in the data due to the intensity cut off by the beam-stop, which limited
the low q region beyond 0.1 nm�1. The scattering in this region can be expected to
be due to larger aggregates in the region of 10–40 nm, however a complete
analysis of this region was not found to be possible due to the low number of data
points and as a result the Guinier region at low q was not observable.

Fig. 13c shows the intensity variation for three regions of the q range; low
(0.15 nm�1), medium (2 nm�1) and high (4 nm�1) values of q. The intensity from
the low q region exhibits an increase at around 60 min, this corresponds to the
time the solution temperature entered the meta-stable zone. This could indicate
the formation of the large molecular aggregations or clusters seen at low q. The
data are consistent with the size and numbers of these clusters growing as evi-
denced by the intensity increase throughout the cooling process until around
230 min. The intensity at this latter stage of the cooling process was then found to
decrease, which would be consistent with these larger clusters having grown
beyond the range of q space observable by the detector. The intensity was found to
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 99
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Fig. 13 (a) 3D log–log plot of absolute I(q) vs. q as a function of time during a poly-thermal
cooling crystallisation at 0.1 �Cmin�1, (b) log–log I(q) vs. q at the start of the cooling profile,
0.5 min, the middle of the cooling profile, 112 min and at Imax for the low q region, 228 min
(c) (q) progression in log coordinates throughout the cooling process for three regions of q
space; 0.15 nm�1, 2.00 nm�1 and 4 nm�1.
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change at 2 and 4 nm�1 showing a general decrease throughout the cooling
process which is likely due to the molecules of PABA being consumed by the
nucleation process and consequently by the subsequent crystallisation process,
whereby molecules of PABA would be expected to transfer to the larger clusters
observed in the low q region.

The data collected were analysed using the unied t model, which allowed
various related structural levels of the system to be analysed with respect to the
radius of gyration (Rg) and to the power law value (P) to give a calculated t to the
Fig. 14 (a) Progression of the power law value (P) at low q values and (b) Rg (Å) progression
at high q during the cooling crystallisation.
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Fig. 15 (a), (c), (e) and (g) represent surface charge density distributions of the single
molecule, NH/O dimer, stacked dimer and carboxylic acid H-bonding dimer of PABA
respectively, indicating the calculated Rg values in Crysol. (b), (d), (f) and (h) are the ball and
stick models of the single molecule, NH/O dimer, stacked dimer and carboxylic acid H-
bonding dimer respectively indicating the molecular dimensions, (i) and (j) are the
geometric form factors for a cylinder and sphere indicating the parameters used to model
the scattering intensity I(q).
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data. The Rg values of the monomer NH/O dimer, stacked dimer and carboxylic
acid H-bonding dimer structure for alpha-PABA calculated in Crysol69 were found
to be 0.39 nm, 0.58 nm, 0.45 nm and 0.56 nm respectively. The structural models
and the calculated Rg values are shown in Fig. 15a, c, e and g. The Rg progression,
measured from the unied t analysis of the experimental high q region, shows
an increase from the initial value of 0.47 nm, to its maximum at 0.55 nm, prior to
crystallisation (Fig. 14b). This seems to be consistent with a model of molecular
aggregation whereby a distribution of monomers and dimers of PABA exist in
solution prior to crystallisation. This distribution seems to shi towards a dimer
structure as the supersaturation increases but the data obtained could not reveal
the exact structure of this dimer. However, comparison of the calculated Rg values
for the stacked dimer, NH/O dimer and the carboxylic acid H-bonding dimer
with the measured values from the unied t analysis shows the maximum
observed Rg exceeds the calculated Rg for the stacked dimer. This suggests the
molecular aggregations observed at this stage of the cooling process do not
exhibit this stacking motif but may suggest formation of the NH/O or carboxylic
acid H-bonding dimer. The calculated P values for the low q region are shown in
Fig. 14a which shows a progression from 0.8 to a maximum of 1.9 as a function of
time, aer which the maximum in the power law value was found to rapidly drop,
consistent with the intensity drop-off of the low q region. A decay of intensity of
q�1 or q�2, taking a fractal approach to the system, would indicate the presence of
amass fractal dimension. The increase of the P value from 1–2 indicates increased
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 101
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Table 10 Results from the program Scatter for fitting of cylindrical and spherical form
factors, P(q), to the low q region of the experimental scattering curves as a function of time.
Fitted parameters were I(0), L and Rs, c

2 values are also provided to highlight the goodness-
of-fit to the data

Time (min) Cylinder I(0)
Cylinder
L (nm)

Cylinder
c2 Sphere I(0) Sphere Rs (nm)

Sphere
c2

0.5 2.11 � 10�2 1.15 1.11 2.20 � 10�2 0.64 0.62
36 2.09 � 10�2 1.14 1.17 2.15 � 10�2 0.64 0.68
80 1.96 � 10�2 1.18 2.02 2.04 � 10�2 0.65 0.99
128 1.90 � 10�2 1.30 2.05 1.95 � 10�2 0.66 1.01
168 1.79 � 10�2 1.30 1.50 1.88 � 10�2 0.68 1.66
228 1.71 � 10�2 1.45 2.61 1.72 � 10�2 0.69 1.43
256 1.65 � 10�2 1.48 2.65 1.67 � 10�2 0.70 2.07
300 1.56 � 10�2 1.53 2.45 1.55 � 10�2 0.68 2.00
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ordering of the cluster structures in the low q region. This may represent the
presence of disordered aggregations of molecules in the size range of 10–40 nm
which increase in size and also become more ordered as the solution supersat-
urates. The dimer structures identied from the high q region are likely trans-
ferred to the growing larger aggregates of the low q region during this process.

To further investigate the proposed dimer cluster structure observed during
the unied t analysis, tting of the experimental data was carried out using
simple geometric form factors, P(q), of a cylinder and a sphere. This was ration-
alised by analysing the surface charge density distributions, calculated using the
conducting solvent, di-electric continuum approach,32 in ethanol for a NH/O
dimer, stacked dimer and the carboxylic acid H bonding dimer, shown in Fig. 15c,
e and g respectively. A simple comparison can be made for an carboxylic acid H
bonding dimer or NH/O represented by a cylindrical form factor, with the
stacked dimer represented by a spherical form factor indicated in Fig. 15i and j.

Taking both of these form factors into account and tting to the high q region
good ts to the data were achieved, as can be seen from the c2 values in Table 10.
As expected the value of I(0) in both cases falls as time increases; this represents a
decrease in the number of scatterers as the small monomer/dimer units are
consumed by the larger growing structures, �10–40 nm, seen in the low q region.

The spherical radii of the tted form factor increases from 0.64 nm to a
maximum value of 0.70 nm during the cooling process and this value appears too
large when compared to a maximum radii of 0.35 nm for the stacked dimer. This
overestimation of the calculated value of Rs maybe due to the assumption of a
spherical form factor for the stacked dimer rather than a more elongated structure
as seen in Fig. 15f. The cylindrical form factor length increases from 1.15 nm to
1.53 nm as shown in Table 10, this is an intermediate value between the monomer
length, 0.7 nm and the carboxylic acid H-bonding dimer length, 1.6 nm. The
maximum calculated cylinder length of 1.53 nm is larger than the NH/O dimer
dimensions, and this could indicate that the carboxylic acid H-bonding dimer is the
structure favoured due to better agreement to the molecular dimensions.

This observation could indicate that the carboxylic acid H-bonding
dimer is favoured prior to nucleation and is the important building block in the
102 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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Fig. 16 (a) Alpha-PABA crystal grown at S ¼ 1.03 EtOH after 10 min of growth. (b) Alpha-
PABA crystal grown at S¼ 1.11 EtOH after 2min of growth. (c) Alpha-PABA crystal grown at
S ¼ 1.11 EtOH after 6 min of growth. Pictures are an area of 0.75 � 0.75 mm.
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self-assembly of alpha-PABA. This is supported by data in section 3.3 that calcu-
lates the strongest pairwise interaction in the alpha-PABA crystal structure is the
carboxylic acid H-bonding dimer. In addition, the carboxylic acid H-bonding
dimer is also predicted to be the most favoured interaction in solution from
calculations in ethanol from section 3.3, which provides further support of this
interpretation.
3.6. Growth rate measurements and morphological and surface modelling

Fig. 16 shows the morphology of alpha-PABA crystals grown in EtOH at various
super saturations. The BFDH list suggests that the (0 1 :1), (1 :1 0) and (1 1 :1)
surfaces are morphologically important at the capping ends of the needle and the
attachment energy calculations predict similar relative growth rates for each face.
Therefore the interfacial angle between the (1 0 :1) surface and the capping face
was measured to identify the correct Miller index for that face.

Fig. 16a reveals that for low supersaturations the interfacial angle between the
side (1 0 �1) surface and the capping face stays constant at around 90�

throughout the observed growth, which is consistent with the interfacial angle
between the (0 1 �1) and (1 0 �1) faces. However, increasing the supersaturation
was found to create roughening and unstable growth resulting in poor lattice
perfection observed at the capping faces, and the interfacial angles are observed
to change as the crystal grows. Fig. 16b shows the interfacial angle to be around
90� aer two minutes of growth at s ¼ 0.11, however Fig. 16c shows aer 6 min of
growth the angle has changed to around 70�, which does not match any of the
calculated interfacial angles between the (1 0 �1) and likely capping faces. The
attachment energy morphology predicts the capping face to be the (1�1 0) face as
the attachment energies of the (1 �1 0) and (0 1 �1) surfaces are very similar;
considering the interfacial angles measured, it appears the original face that
facets is the (0 1 �1) surface and the roughening changes the interfacial angle,
therefore the (0 1 �1) faces are assumed to be the capping face.

Fig. 17b shows the t of growth rate along the long axis of the needle (0 1�1) as
a function of supersaturation corresponds to an RIG mechanism even at low
supersaturations. Conversely, tting of the width growth rate, i.e. normal to the
(1 0 �1) surface as a function of supersaturation, corresponds to a B & S growth
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 103
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Fig. 17 (a) Attachment energy morphological prediction of the alpha-PABA structure
(left), an optical micrograph of alpha-PABA grown from EtOH (0.3 � 1.2 mm) (middle) and
a large alpha-PABA crystal grown from slow solvent evaporation from EtOH:NMe mix. (b)
Alpha-PABA length (0 1 �1) and width (1 0 �1) growth rates measured as a function of
supersaturation. (0 1 �1) surface fits a rough interfacial growth mechanism even at low
supersaturations while the (1 0 �1) surface fits birth and spread above s ¼ 0.1.
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mechanism above s ¼ 0.1. Almost no growth is observed below s ¼ 0.1 which
suggests the presence of a dead zone below s ¼ 0.1 for the (1 0 �1) face.
Comparing between the predicted and observed growth morphologies shown in
Fig. 17a (le and right respectively) reveals a more needle-like morphology is the
observed crystal habit in comparison to that which is predicted. This difference
perhaps reects the difference in growth rates and mechanism pertaining to the
(1 0 �1) and (0 1 �1) faces.

The interactions which contribute to the attachment energy of the (0 1�1) and
(1 0 �1) surface were identied in Fig. 18 and 19 along with Tables 11 and 12 to
understand the pairwise interactions that contribute to the growth.

Fig. 18 and Table 11 reveal the growth of the (1 0 �1) surface is dominated by
H-bonding interactions as the COOH and NH2 functional groups are directed
along the growth normal of this surface. Considering growth from ethanol,
binding of the ethanol molecules could provide some competition for the PABA
molecules at this surface, as the OH group of the ethanol molecules would be
expected to H-bond to the exposed C]O groups. Hence the de-solvation at this
surface could be slower than at other surfaces and slow down the growth rate of
this surface.

Fig. 19a shows the space ll model of the (0 1 �1) surface and how the PABA
molecules stack in a wave-like pattern, therefore this forms the p–p interactions
104 | Faraday Discuss., 2015, 179, 79–114 This journal is © The Royal Society of Chemistry 2015
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Fig. 18 (a) Space fill and (b) stick model of the alpha-PABA (1 0 �1) surface. The stick
model has strongest intermolecular interactions exposed at this surface contributing to
growth marked.
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that facilitate the fast growth along the long axis of the needle. The H-bonding
carboxylic acid dimers also contribute to the attachment energy of this surface,
but the direction of the intermolecular interaction actually is almost perpendic-
ular to the growth normal, compared to the p–p stacking interactions which are
almost parallel to the growth normal. The H-bonding functional groups are
orientated away from the surface at the (0 1 �1) surface which suggests they are
less likely to interact with the polar ethanol molecules, which could mean that the
PABA molecules face less competition to bind to this surface and incorporate into
the lattice. The extra competition created by the EtOH binding at the (1 0 �1)
surface could lead to an increase in the amount of PABA molecules attempting to
bind at the capping (0 1 �1) surface leading to an increase in supersaturation
around these faces. This appears to result in the rough interfacial growth
mechanism and disorder at this surface which is demonstrated by the appearance
of the sector zoning effects.

Interestingly, though the supersaturation vs. growth rate measurements of the
(0 1 �1) t with a roughening growth mechanism, the images of the crystals do
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 105
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Fig. 19 (a) Space fill and stick model of the alpha-PABA (0 1 �1) surface. (b) The stick
model has strongest intermolecular interactions exposed at this surface contributing to
growthmarked. (c) Top view of the alpha-PABA (0 1�1) surface growing towards the plane
of the page. H-bonding interactions are marked on the surface.

Table 11 Strongest interactions contributing to the growth of the PABA (1 0 �1) surface
predicted by HABIT 98

Bond Multiplicity Distance (Å)
Intermolecular
energy (kcal mol�1)

Alpha (1 0 �1) A 1 8.07 �7.10
Alpha (1 0 �1) B 1 8.03 �6.94
Alpha (1 0 �1) C 2 7.91 �1.90

Table 12 Strongest interactions contributing to the growth of the PABA (0 1 �1) surface

Bond Multiplicity Distance (Å)
Intermolecular
energy (kcal mol�1)

Alpha (0 1 �1) A 1 8.07 �7.10
Alpha (0 1 �1) B 1 8.03 �6.94
Alpha (0 1 �1) C 2 3.84 �2.68
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not exhibit obvious roughening and the growth facets in this direction appear to
be relatively smooth. Fig. 19a shows the molecules attach by p–p stacking
interactions which would be expected to exhibit strong molecular recognition
when molecules diffuse from solution to the surface, resulting in the extremely
fast growth observed at this surface. It is possible that even though the surface is
growing by a rough polynucleation mechanism, the strong molecular recognition
allows the molecules to attach in an ordered manner and create a smoother facet
than normally seen from growth by the RIG mechanism.

It would seem that even though the solution structure and self-assembly of the
alpha form appears to be facilitated by H-bonding interactions, the growth of the
alpha form is dominated by p–p stacking interactions along the long axis of the
needle. It has been suggested in a recent study by Lovette and Doherty70 that
growth spirals would contribute to the growth of the capping faces of alpha-PABA
at low supersaturations. However, in this work, the growth rate vs. supersatura-
tion curves suggests, in contrast, that the growth is via a polynucleation rough-
ening mechanism even at low supersaturations. This conclusion also correlates
with the analysis of the polythermal data which proposes that the early stages of
growth would be dominated by diffusion through solution rather than interface
kinetics mediated by the presence of growth spirals. This would suggest that a
degree of interfacial roughening along the long axis of the needle occurs in all
conditions in EtOH.

4 Conclusions

Using a multi scale approach, the nucleation of PABA has been examined, and the
key outcomes are summarised in Table 13.

This study reveals that the dominant nucleation of the alpha form of PABA over
the beta form in ethanolic solutions is most likely due to the stability and
favourable formation of H-bonding carboxylic acid dimers in solution. The lack of
signicant change between the gas phase stable conformers and conformers in
the crystal structure suggests that the intermolecular interactions, rather than any
conformational change, play the most signicant role in crystallisation of the
material.

Ab initio continuum solvent calculations of the stability of small clusters (up to
8 molecules), taken from the crystal structures of the alpha and beta polymorphs,
were consistent with clusters containing the H-bonding carboxylic acid motif
always being more stable than those that do not contain this motif. Combined
with MD solvation free energy calculations that suggest formation of the
H-bonding carboxylic acid dimer is more favoured than two individual solvated
molecules in solution, these calculations suggest that this dimer formation is an
important building block in the self-assembly of the alpha-PABA crystal structure.

Analysis of experimentally obtained solubility data was found to be consistent
with the propensity for solute–solute interactions in good agreement with the
solvation free energy calculations. The large variations of TC as a function of
cooling rate observed from the poly-thermal nucleation analysis suggest that the
crystallisation of alpha-PABA is strongly kinetically dependent. This might to
some extent explain the interesting observation that the alpha-form is observed to
nucleate below the transition temperature. These results also predict nucleation
of PABA to be instantaneous and the number of crystallites formed to be small,
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 107
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Table 13 Summary of the key outcomes of the techniques used to probe the nucleation
of PABA. The section containing the detail of the key outcomes also highlighted.

Techniques Subsection Outcomes

Modelling Conformation
analysis

3.1
– Three distinct conformers found
– One with beta crystal structure
conformation (the most stable)
– One with the alpha crystal structure
conformation

Modelling Solvation free
energies

3.2
– Two molecules forming a carboxylic
acid dimer preferred over two non-
interacting molecules

Modelling Solid state crystal
chemistry
dominating
intermolecular
interactions

3.3
– Alpha packing dominated
carboxylic acid H-bonds and head-
head p–p stacking
– Beta packing dominated by 4-
membered NH...O and OH...N H-
bonding ring and head-tail offset
stacking interactions

Modelling Cluster modelling-
populations

3.3
– Carboxylic acid dimermost stable in
ethanol
– Tetramers and octamers containing
two and four carboxylic acid dimers
found the most stable in solution

Modelling Morphology and
growth interfaces

3.6
– Prediction of a lathe like
morphology
– Side (1 0 �1) surface grows via
attachment of hydrogen bonds
– Capping (0 1�1) surface grows via
attachment of p–p stacking
interactions.

Experimental Solubility analysis 3.4.1
– Less than ideal solubility with
solute–solute interactions preferred

Experimental Polythermal
nucleation analysis

3.4.1
– Nucleation is rate-limiting step
prior to crystallisation
– Instantaneous nucleation
mechanism
– Crystallite number range at
nucleation point: 860–1957

Experimental Isothermal
nucleation analysis

3.4.2
– Critical cluster sizes 0.48–1.98 nm
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Table 13 (Contd. )

Techniques Subsection Outcomes

– Critical cluster size larger for higher
solution concentration

Experimental SAXS 3.5
– High q region reveals a model
consistent with the formation of a
carboxylic acid dimer as
supersaturation increases
– Low q region consistent with larger
cluster structures formed during
undercooling of solution which
increase in size and fractal
dimensionality with time

Experimental Growth rates 3.6
– (0 1 �1) growth rates 45–230 mm
min�1 over s ¼ 0.03–0.20
– (1 0 �1) growth rates 10–20 mm
min�1 over s ¼ 0.1–0.2. Dead zone
below s ¼ 0.1 for this face

Experimental Crystal growth
mechanisms

3.6
– (1 0 �1) surface grows via 2D
nucleation birth and spread
mechanism
– (0 1 �1) surface grows via a poly
nucleation rough interfacial growth
mechanism
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indicating that the nuclei sizes may be large. The isothermal analysis calculates
relatively small cluster sizes, 0.5–2 nm, less than might be anticipated compared
to the low number of instantaneously nucleated crystallites from the poly-thermal
analysis.

SAXS results from supersaturated solutions in the high q range suggest there is a
distribution of monomers and dimers in solution, and that during the cooling
process the distribution shis towards an increase in dimers prior to a nucleation
event, correlating with both the QM andMD solvationmodelling and the analysis of
the solubility data. Modelling of the Rg values for a p–p stacked dimer and the H-
bonding carboxylic acid dimer show that the experimental Rg values prior to
nucleation are more consistent with the H-bonding carboxylic acid dimer, corre-
lating well with calculations of the stability of this motif in solution. Analysis of the
low q range reveal larger structures consistent with a possible size range of 10–40 nm
which increase in size as the solution supersaturates and the number of monomers/
dimer structures in solution decreases. The increase in the value of the fractal
dimension (P) from 1–2 during the super-cooling of the solution suggests increased
ordering of the pre-nucleation structures as the solution supersaturates.

Though it appears that the H-bonding carboxylic acid dimers play a key role in
the nucleation of the alpha-form, morphological prediction and surface interface
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 179, 79–114 | 109
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modelling suggest that the growth is dominated by p–p stacking interactions.
Growth rate measurements indicate that the alpha-form grows by a poly-nucle-
ation roughening mechanism along the long axis of the needle even at low
supersaturations, even though the optical microscopy observations appear to
show a stable, planar facet. This roughening mechanism suggests that the
majority of the growth is controlled by diffusion of molecules to the surface, and
the attachment of molecules via the p–p stacking motif probably results in a
solid–solid integration mechanism at the (0 1 �1) surface, suggesting that any
growth spirals present at this surface are not inuencing the growth. This
correlates with poly-thermal measurements of the growth exponent (n) that
suggest the growth is rate-limited by diffusion of solute across the crystal solution
interface, rather than by the presence of growth spirals.

List of symbols
A0
110 | Farad
Fixed needle cross sectional area (m2)

a
 Dimensionless molecular latent heat of crystallisation

B
 Dimensionless thermodynamic parameter

Ce
 Equilibrium solution concentration (m�3)

C0
 Concentration of instantaneously nucleated crystallites (m�3)

d
 Dimensionality of crystallite growth

Ecr
 Lattice energy

Eatt
 Attachment energy

Esl
 Slice energy

i*
 Number of molecules in critical nucleus

k
 Boltzmann constant (J K�1)

KG
 Growth rate constant m(1/m) s�1
m, n
 Crystallite growth exponents

P
 Power law value

q
 Cooling rate (K s�1)

q (SAXS)
 Forward scattering vector (nm�1)

q0
 Parameter in the uc(q) dependence for both PN and IN (K s�1)

r*
 Critical nucleus radius (m)

Rg
 Radius of gyration (nm)

S
 Supersaturation ratio

s
 Absolute supersaturation

T0
 Temperature at which crystallites are instantaneously nucleated (K)

Tdis
 Dissolution temperature (K)

TC
 Crystallisation temperature (K)

Te
 Equilibrium dissolution temperature (K)

DTc
 Critical undercooling for crystallisation (K)

uc
 Relative critical undercooling for crystallisation

v0
 Volume of solute molecule in crystal (m3)

alphadet
 Detectable fraction of crystallised volume

geff
 Effective interfacial tension of crystal nucleus in 3D HEN (J m�2)

l
 Molecular latent heat of crystallisation (J)

Slexp
 Slope of induction time data plotted using linear relationship of eqn (8)
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List of abbreviations
RIG
This journ
Rough interfacial growth

B & S
 Birth and spread model

BCF
 Burton–Carbera–Frank model

BFDH
 Bravais–Friedel–Donnay–Harker

MD
 Molecular dynamics

QM
 Quantum mechanics

TI
 Thermodynamic integration

PABA
 para-Amino benzoic acid

EtOH
 Ethanol

KBHR
 Kashchiev–Borissova–Hammond–Roberts approach

MSZW
 Metastable zone width

GAFF
 Generalised Amber force eld

RESP
 Restrained electrostatic potential

vdW
 van der Waals

lcoupl
 Coupling parameter indicates the level of change that has taken place

between two states
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