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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• A methodology fusing experimental and
computational workflows for the inves-
tigation of crystal surface energy has
been presented.

• Molecular-scale (synthonic) modelling
used to predict the surface energies of α
and β forms of L-glutamic acid on a face-
specific and whole particle basis.

• Predicted surface energies are in good
general agreement with measurements
using IGC and Washburn capillary rise
techniques.

• Calculated surface energies have the
same trend as those from experiments
though they are higher than the experi-
mental values, which are consistent with
literature findings.

• The overall molecular modelling
approach demonstrates its application in
designing crystal habit for optimising
particle surface energies for product
formulatability particularly in early
phase process development.
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th form; dhkl, Thickness of the growth step layer; Elatt, Lattice
energy / kcal mol− 1; Esl, Slice energy / kcal mol− 1; Eatt, Attachment energy / kcal mol− 1; hkl, Miller index; i, j, Atom in the central molecule, kth surrounding molecule;
Mhkl

i , Multiplicity of a specific habit face for i
th form; N, Number of surrounding molecules; n, Total number of atoms in the central molecule; n’, Total number of

atoms in each of the surrounding molecule; NA, Avogadro’s constant; qi, qj, Partial, atomic point charges on atom i, j; rij, Inter-atomic distance between atoms i and j;
Vcell, Unit cell volume; Z, Number of formula units within the crystallographic unit cell; γhkl, Surface energy of individual crystal surface (hkl); γparticle, Surface area
weighted overall particle surface energy; εhkl, Anisotropy factor; API, Active pharmaceutical ingredients; FE-SEM, Field emission scanning electron microscope; IGC,
Inverse gas chromatography; LGA, L-glutamic acid; SEM, Scanning Electron Microscopy; WCR, Washburn capillary rise.
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A R T I C L E I N F O
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A B S T R A C T

Molecular-scale modelling for predicting surface energies on a face-specific and whole particle basis is applied to
all the crystallographically-independent surfaces of L-glutamic acid forms. The predicted data is found to be in
good general agreement with measured surface energies using inverse gas chromatography and Washburn
capillary rise techniques with the former revealing higher values compared to the prediction, perhaps consistent
with the polar (zwitterionic) nature of this material. This fusion of experimental and computational data provides
a high-fidelity definition of the face-by-face breakdown of the energetic anisotropy of the crystals. There is
increasing industrial interest in defining the potential impact of whole particle properties on the performance of
formulated drug product and their manufacturability especially as the community accelerates the molecule to
medicine journey. The overall molecular modelling approach highlights its application in designing ingredients
for optimising face-specific particle surface energies for product formulatability particularly in early phase
process development.

1. Introduction

In contrast to simple elemental and inorganic materials, organic
crystalline molecules such as pharmaceuticals can often have quite
anisotropic molecular properties and, when crystallised, the resultant
material can also display significant anisotropy, most notably in their
surface properties. Diagramatically, superimposing an outline of the
crystal’s external morphology onto its bulk crystallographic structure
can reveal the differences in the surface chemistry of the crystal habit
surfaces reflecting the formation of the bulk intermolecular interactions
exposing different functional groups at the crystal surfaces. Such surface
properties are important not only individually as active pharmaceutical
ingredients (API), but also when formulated with other materials or
excipients into solid dosage forms and suspension products [1–3]. In
this, the individual crystal habit surfaces may interact differently when
exposed to the presence of air, moisture, solvents, impurities, excipients
and processing equipment. If uncontrolled, this behaviour can lead to
batch-to-batch variability, which can impact in turn upon the behaviour
of crystals during the API and drug product (DP) manufacturing pro-
cesses, through unit operations such as crystallisation, isolation, drying,
blending and compaction. These changes can also impact upon the
performance of the formulated material in the marketed product,
notably in terms of drug product stability to physical and chemical
transformation and as well as its in-vivo dissolution properties and
hence its bioavailability [1–3].
There are two key drivers in the pharmaceutical industry that dictate

interest in this area namely the need to accelerate the molecule to
medicine journey and to reflect the impact of digital transformation. The
acceleration of product development means that the timelines associ-
ated with drug development have been significantly reduced resulting in
a greater focus at the API:DP interface where a classical iterative
approach can be problematic in terms of time and batches required to
evolve the necessary knowledge and understanding. Digital trans-
formation across industry means that the community is attempting to
use digital design tools to transform the molecule to medicine journey
with fused computational and experimental workflows which are
nowadays seen as a crucial step towards simulation-led design [4–6].
The properties of pharmaceutical powders reflect the bulk and sur-

face crystallography of the material and, in turn, the nature of inter-
molecular interactions both within the bulk material (intrinsic synthons)
and the same when terminated at the crystal surfaces (extrinsic syn-
thons). The strength and directivity of these synthons is very much a
reflection of the dominating types of unsaturated functional groups
within the extrinsic synthons which are hence available for interaction
at the crystal habit surfaces leading to different type of intermolecular
interactions, i.e. H-bond, electrostatic or van der Waals. It is these that
direct the crystal face’s properties such as their relative growth rate
during crystallisation, surface wettability and whether the particle
would exhibit e.g. a hydrophilic or hydrophobic nature in the presence
of other ingredients within the formulated product. Such differences in

surface properties are also manifested in the differences in the surface
energies of the different crystal habit faces and through this the net
surface energetics of the whole crystal particle. The latter can be esti-
mated as a surface area weighted sum of the surface energies of the
individual surfaces.
Importantly, inherent within the above concept, is that when the

morphology of the particle changes, e.g. due to processing variations,
the overall particle surface energy can also change. The position of
certain functional groups relative to surface topology of the surfaces is
equally important, as a stepped or even rough surface at the molecular
scale will typically have more binding sites and hence a lower barrier for
surface adsorption in comparison to the more closely-packed smooth
planes. Hence, a detailed knowledge encompassing a combination of
surface energetics, topological structure and the chemistry of the
exposed functional groups on the habit surfaces is a vital resource for
both process and product design. Through this, an assessment of the
likely behaviour of crystal particles within the external environment can
be understood and predicted in terms of how the API or excipient par-
ticles might cohesively or adhesively interact with themselves and other
materials respectively both during processing and within the formulated
drug product [7–9].
L-glutamic acid (LGA) is an organic material with pharmaceutical

applications whose chemical and physical properties are well under-
stood. LGA has two polymorphs comprising the prismatic-shaped
metastable α-form and needle-like stable β-form [10] and has been
widely used as a model compound in crystallisation process research
[10–29]. In-situ single crystal growth of LGA in growth cell systems has
been performed to measure facet growth rates (e.g. [28,30–32]). The use
of these online imaging systems have provided powerful approaches to
study crystallisation processes including crystal growth kinetics within a
population of crystals (e.g. [11,15–21,33]) and also the effect of oper-
ating conditions on the processing behaviour including the variations of
crystal size and shape during the unit operations (e.g.,
[12,14,22,24,29,34–36]).
Molecular-based simulation approaches have been used to under-

stand and predict crystal morphology associated with crystal surface
chemistry and facet growth [1] with, for example, molecular modelling
software such as HABIT98 [37,38] being used for predicting the crystal
lattice energy, inter-molecular interactions (synthons), relative growth
rates and crystal morphology, for surface binding propensity, etc. Mo-
lecular dynamics simulations have been utilised to investigate the en-
ergetic balance between solute and solvent intermolecular interactions
(e.g., [39–41]) and solution-mediated intramolecular hydrogen bonding
[42] and the assembly of synthons within the solution state [43], and
also for studying crystal nucleation and growth in the solution state
[44,45]. A surface cleaving technique [46] has been implemented
within a molecular dynamics simulation framework and used to calcu-
late the surface energies of β-form D-mannitol crystal with the results
being compared with experimental data from inverse gas chromatog-
raphy (IGC) measurements [47]. Despite this, there have been relatively
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few studies of the effect of variations in the particle production processes
upon surface crystallinity, particle adhesion and cohesion for inhalation
products. The integrated study of the interactions between alpha lactose
monohydrate (αLMH) and terbutaline sulphate (TBS) [9,48,49] has
demonstrated the potential of such studies. The work carried out has
provided some fundamental insight as regards the surface properties of
αLMH, TBS and their interactions from a molecular-scale standpoint,
particularly in terms of characterising the external morphology, surface
chemistry and particle surface energy, and their link to the adhesive and
cohesive interactions between API and excipient for achieving effective
aerosolization, efficacy, lung delivery of inhalation drugs [9,48,49].
In a previous paper [50], the solvent-mediated crystal morphologies

of both α and β forms of L-glutamic acid were examined through the
application of a digital mechanistically based workflow encompassing
calculations of crystal lattice energy and its constituent intermolecular
synthons, their interaction energies, and their key role in understanding
and predicting crystal morphology as well as assessing the surface
chemistry, topology, and solvent binding on crystal growth surfaces.
Both α and β forms were found to display an extensive network of
coulombic and hydrogen-bonding interactions, hence classified as three-
dimensionally hydrogen-bonded materials [50]. Specifically, it was
found that the α-form has a more isotropic distribution of the dominant
synthons amongst its attachment energies, whilst the β-form shows a
much more anisotropic distribution of the dominant extrinsic synthons
between the habit faces. This directly affects the relative crystal growth
rates of the α- and β-LGA faces, rationalising the observed prismatic and
needle-like morphologies. The faster convergence of lattice energy for
the α form was found to be consistent with its formation of smaller stable
molecular clusters when compared to the β form, in agreement with the
calculated cluster energy as a function of size [23]. The analysis of
intrinsic synthons within the solid-state identified the strongest inter-
molecular interactions for both α and β forms in particular highlighting
the importance of the charged zwitterionic functional groups in terms of
their total contributions to the intermolecular energy [50]. Detailed
knowledge, provided by a fundamental intermolecular (synthonic)
assessment, has thus been shown to deliver useful baseline data for
improved understanding of particle surface properties and associated
interparticle interactions. A summary of the challenges in this area was
highlighted by a map connecting API attributes back from the drug
product showed the opportunity of fusing face specific simulation with
bulk property experimental measurements [2].
Experimental determination of surface properties of powered crys-

talline materials can include, for example, inverse gas chromatography
(IGC) [51,52], contact angle measurements and wettability [53] using
Washburn capillary rise [54]. Overall, it has been found that accurate
experimental determination of surface energy of crystalline powders can
be challenging, e.g. the capillary rise method may not always provide
reliable results of contact angles [55,56]. Surface energy measurements
from IGC using both polar and apolar probes [57–61] have, however,
been found to be particularly useful in studies of the crystallinity, sur-
face energy and surface properties of particles. However, powder char-
acterisation using IGC has revealed a number of problematic issues such
as sample preparation-dependency, large sample sizes (e.g. for micron-
ised materials ~50–100 mg and for coarse particles more than 2 g of
sample are required typically) [62], time utilisation and hence high cost.
Variability in IGC measurements has also been reported [63–65] and the
technique, even with finite dilution analysis is limited to surface
coverage of up to 10–15 % of the total sample surface area. Hence, if
results are to be useful, there is a clear need for a better molecular-scale
understanding of both the sources of variability and the impact of sur-
face features on IGC measurements. Generally, current techniques do
not provide the capability to routinely measure surface energies on a
crystal habit face-specific basis and therefore cannot easily assess face-
specific surface energy variations due to crystal morphological changes.
In this paper, an integrated study encompassing both computational

prediction and experimental determination of the surface energies of

LGA as a function of its solid form properties (morphology and poly-
morphic form) is presented. LGA is being used as a model material to
demonstrate the type of analysis that could be valuable to apply to API
and/or excipient during drug product development. The surface energy
determined directly links with drug particulate-interactions and the
associated intrinsic powder properties for achieving optimum cohesive
and adhesive interactions between API and excipient, hence not only for
effective aerosolization, lung delivery of inhalation drugs [9,48,49] but
also for more general applications in the formulation process design of
other APIs such as tabletting and tablet dissolution. Here, an overall
workflow is provided that embraces the fusion of both computational
and experimental workflows to provide a key driver within the phar-
maceutical industry over the next few years.

2. Materials and methods

A diagrammatic route map summarised in Fig. 1 provides a specific
example of the surface properties workflow providing an overview of the
main features of the modelling and experimental methods used. The
workflow encompasses the components for the surface energy pre-
dictions of crystalline materials (including the predictions of molecular
properties, crystal lattice energy and intrinsic synthons, crystal
morphology and surface chemistry with extrinsic synthons, surface en-
ergies of crystal faces and also the latter for a whole particle), for crys-
tallised crystals together with surface energy measurements using two
methods (Washburn capillary rise (WCR) and inverse gas chromatog-
raphy (IGC)), with the interactions and comparisons between the pre-
dictions and measurements highlighted.

2.1. Experimental studies

2.1.1. Materials
L-glutamic acid (99 %) was used as supplied by Sigma Aldrich.

Deionised water was used for recrystallization of L-glutamic acid.
Decane, nonane, octane and heptane were purchased from Sigma-
Aldrich, UK. Ethyl acetate and dichloromethane were obtained from
Fischer Scientific, UK. Diiodomethane was purchased from Alfa Aesa,
UK. All materials were used as supplied without any purification.

2.1.2. Preparation of L-glutamic acid α and β forms
L-glutamic acid was recrystallized to prepare the two polymorphic

forms; α and β. This was carried out using a HEL Autolab 0.5 L jacketed
vessel with temperature control provided through a Julabo F32 with
attached PT100 thermocouple which was inserted into the reactor. The
contents of the vessel were agitated at constant stirring of 200 rpm with
a three blade pitched impeller. To recrystallize the meta-stable α-form, a
solution of l-glutamic acid in deionised water at 30 g kg− 1 concentration
was prepared in the reactor. This was then subjected to a heating cycle
from 25 ◦C to a holding temperature of 90 ◦C for one hour to allow full
dissolution of solids. The solution was then cooled at 0.7 ◦C min− 1 to a
lower holding temperature of 5 ◦C, where the recrystallized solids were
isolated using vacuum filtration and dried in an oven at 40 ◦C. To obtain
the β-form solids this methodology was repeated however the solution
concentration was increased to 50 g kg− 1 and the cooling rate decreased
to 0.1 ◦C min− 1.

2.1.3. Solid form characterisation
Powder X-ray diffraction (PXRD) was used for polymorph charac-

terisation on a regular basis for confirming the polymorphic purity of the
two phases of LGA. This was carried out using a Bruker D8 advanced X-
ray diffractometer which used Cu Kα radiation and a germanium pri-
mary monochromator in Bragg-Brentano reflection geometry. The step
size used was 0.033 2θ and the step time used was 0.7 s per step over a 2θ
range of 4–39.8 2θ. The detector used was a Vantec-1 position sensitive
detector.
Scanning Electron Microscopy (SEM) was used for morphological
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characterisation. Samples were prepared by adhering about 1 mg of the
powder from each specimen onto adhesive Sticky Tabs placed on sepa-
rate 12.5 mm diameter aluminium pin stubs. Excess powder was
removed by tapping the stubs sharply and then gently blowing loose
particles off with a jet of particle-free compressed gas. The prepared
specimen stubs were sputter coated with a thin (approximately 10 nm)
deposit of platinum using a Quorum Q150TS coating unit operated at 20
mA for 1 min using argon gas. The specimens were examined using a
Carl Zeiss SMT SUPRA 40VP field emission scanning electron micro-
scope (FE-SEM). The FE-SEM was operated at high vacuum with an
accelerating voltage of 3 kV, a specimen working distance of 12 mm.
Secondary electron images were recorded at magnifications of 50× and
200×.

2.1.4. Surface energy measurements
To validate the prediction of the particle surface energymodel for the

two polymorphs of LGA, the bulk powder surface energy was deter-
mined using two industry standard experimental approaches; inverse
gas chromatography and the Washburn capillary rise method.
Surface energy was measured using inverse gas chromatography -

Surface Energy Analyser II (IGC - SEA, Surface Measurement Systems,
London, U.K). The samples were packed into 4 mm pre-silanised glass
columns. The columns were pre-conditioned at 30 ◦C and 0 % RH using
helium carrier gas) at a flow rate of 10 standard cubic centimetres per
minute for 120 min and these conditions were maintained throughout
the experiment duration. A range of non-polar probes (decane, nonane,
octane and heptane) and polar probes (ethyl acetate and dichloro-
methane) were injected at range of surface coverages ranging from

0.025 to 0.15 (n nm− 1). The column dead volume was determined using
methane. Surface Energy Analysis Software (v1.4.3.0, SMS Ltd., UK) was
utilised for the data analysis. In this, the Schultz approach and Della
Volpe scale with Peak Max Time parameter were used to calculate the
surface energy of the samples [66]. The acidic (Lewis acceptor) and
basic (Lewis donor) parts of polar surface energy were determined from
the injection of two monopolar probes with opposite polarities:
dichloromethane and ethyl acetate, respectively, as detailed in literature
[67].
The contact angle of each test sample was determined based on the

capillary rise method using a Krüss K100 Tensiometer (KRÜSS GmbH,
Germany). The samples were packed into a tube vessel (provided by
Krüss) and then a 50 g weight tool was applied to the sample for 60 s.
The capillary constant of the material was determined in triplicate in
heptane. The contact angle of water and diiodomethane were then
measured in triplicate. The free surface energy of the samples was
calculated using the Owens-Wendt-Rabet-Kaelble approach provided by
the Krüss Laboratory Desk Interface software (Version 3.2.2.2926). Note
that the liquid (solvent) was put onto a powder sample to measure the
zero angle to the angle created by the meniscus of the liquid. In this
study, the contact angles in heptane, water and diiodomethane were
measured to obtain the nonpolar and polar components for determining
particle surface energy as described above.

2.2. Molecular and crystallographic modelling

The crystal structures of the α-form (CSD refcode LGLUAC02) [68]
and β-form (CSD refcode LGLUAC01) [69] for L-glutamic acid were

Fig. 1. A route map from molecular and crystallographic structure to surface energy calculation with combined experimental workflow.
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obtained from the Cambridge Structural Database (CSD). These were
optimised using the Forcite module of Materials Studio [70], where the
unit cell parameters and molecular positions were allowed to relax and
the intermolecular features such as bond, length, angles and confor-
mations were held rigid. The forcefield used was Dreiding [71] with the
partial electronic charges on the atoms being calculated using the Gas-
teiger method [72,73].

2.2.1. Calculating the strength of intermolecular interaction and the crystal
lattice energy
The intermolecular interactions which contribute to the stabilisation

of two lattice structures for the two polymorphs after optimisation using
Forcite module [70] were analysed using HABIT98 [37,38] utilising an
atom-atom approach [74] for which a range of atom-specific force-field
parameters are readily available e.g. the Lennard Jones 6–12 potential
which can be coupled with a coulombic function to deal with the effect
of molecular polarisation. The lattice energy, Elatt, was calculated from
the strength of these intermolecular interactions (synthons) using a
Momany potential set [75] together with the partial atomic charges
calculated in MOPAC [76] [77]. The lattice energy (Elatt) was computed
by constructing a network of unit cells and calculating the inter-
molecular interactions at increasing sphere sizes expanding from a
central molecule, providing a measure of the structure’s cohesively and
strength, thus:

Elatt =
1
2
∑N

k=1

∑n

i=1

∑nʹ

j=1
−
Aij

r6ij
+
Bij
r12ij

+
qiqj
rij

(1)

where A and B are atom–atom parameters, i is an atom in the central
molecule, j is an atom in the kth surrounding molecule, N is number of
surrounding molecules, n is total number of atoms in the central mole-
cule, n’, is total number of atoms in each of the surrounding molecule, qi
and qj are partial, atomic point charges on atoms i and j, and rij is inter-
atomic distance between atoms i and j. Summing up all such interactions
will converge as the interaction energy increases to yield the crystal
lattice energy. As the strength of the interactions is strongly inversely
dependent of the intermolecular distance, the lattice energy summation
process converges typically at distances between 30 and 40 Å. The
calculated lattice energy was subdivided into the interaction’s constit-
uent van der Waals (vdW), hydrogen bonded and polar (electrostatic)
energies, hence the corresponding dispersive (vdW) and polar surface
energies in the latter calculations.
The convergence of the lattice energy was assessed by 1 Å step wise

calculations between 5 and 25 Å of the calculation sphere. This well-
established approach has also been successfully applied to other
studies of LGA (e.g. [1,50,78]) and other compounds including entaca-
pone [79], para-aminobenzoic acid [39,41,80], terbutaline sulfate [48],
quercetin [52], tolfenamic acid [81], ritonavir [42,82].
In the literature [50,78], cross-correlating the calculated lattice en-

ergy to the known experimental sublimation enthalpy of the β-form LGA
[83] and the proton transfer energy (reflecting the zwitterionic nature of
LGA in its solid-state form) [84] was utilised to assess the suitability of
the potential used, demonstrating a pleasing agreement in terms of
relative polymorphic stability, lattice energy validation and structural
change following minimisation. Hence this was found to be sufficient for
the purposes in this and previous [50,78] studies.

2.2.2. Partitioning the intermolecular interactions
The pairwise intermolecular interactions were partitioned between

the slice, Esl, and attachment, Eatt, energy contributions, as described in
Eq. (2) [85]. The former reflects those contributing the bulk structural
stability (intrinsic synthons) whilst the latter reflects those terminated at
the external crystal habit surfaces (extrinsic synthons) and hence ener-
getically surface active, thus:

Rhkl∝Ehklatt = Ehkllatt − Ehklsl (2)

where Ehklsl is the sum of the intermolecular interactions that lie parallel
and within the lattice plane spacing, dhkl, and Ehklatt is the energy released
upon addition of a growth slice of dhkl to a growing crystal surface
[86,87]. The calculated values of Ehklatt were taken as a proportional
measure of the relative growth rates of the crystal surfaces [86,88] (as
shown in Eq. (2)) and used to predict a particle morphology through a
Wulff plot [89,90] using CCDC’s Mercury software. The predicted
crystal habit [50] based on the attachment energy model also enabled
calculation of the fractional surface areas of individual crystal habit
faces {hkl}. The latter was calculated using Materials Studio software
[70].

2.2.3. Calculation of surface energy
The surface energy (γhkl) of a given crystal surface (hkl), can be

directly calculated from the attachment energy of this surface [86,87],
thus:

γhkl =
Z dhkl

⃒
⃒Ehklatt

⃒
⃒

2 NA Vcell
(3)

where Z is the number of molecules per unit cell, dhkl is the thickness of
the growth step layer, NA is Avogadro’s constant, and Vcell is the unit cell
volume. The dispersive and polar components of the surface energy were
calculated from the surface energy contribution from the van der Waals
and coulombic components, respectively. The γhkl is also referring to the
total surface energy of one reticular area of the specific crystallographic
plane as γTotal where γdispersive and γcoulombic are the dispersive (vdW) and
coulombic (polar) components respectively.
The ‘surface area weighted’ γTotal, γdispersive and γcoulombic were calcu-

lated by considering the fractional surface area of each face and its
multiplicity on the morphology models, hence the overall net surface
energy of a whole crystal particle, γparticle, for a given morphology with
multiple hkl planes and its relative dispersive and coulombic compo-
nents being simply a summation of these values according to Eq. (4)
through Eq. (3):

γparticle =
∑n

i=1
γhkli Ahkl

i Mhkl
i =

∑n

i=1

(
Z Ehklatt dhkl
2 NAVcell

)

Ahkl
i Mhkl

i (4)

where n is the number of forms ({hkl}, i.e. family of faces), γhkli is surface
energy of individual crystal surfaces, Mhkl

i is the multiplicity of the
specific habit face (i.e. the number of symmetry equivalent faces) and
Ahkl
i is the fractional surface area of the habit face [1,48,79,91].

3. Results and discussion

3.1. Calculated particle surface energies

The α-form of L-glutamic acid was crystallised as well-defined pris-
matic-like crystals as shown in the SEM image in Fig. 2a), whereas the
β-form was found to crystallise with a needle-like morphology, Fig. 2b).
Morphological models of the crystal habit for these two polymorphs
were created using a modified attachment energy approach and high-
lighted in Fig. 2c) and d) for α- and β-forms respectively. The α-form
morphology was found to be dominated by large {111} and {002}
surfaces whereas the β-form crystals were found to be formed through
elongation of the a-axis through fast growing {1 1 1} surfaces together
with a side {011} surface and slow growing {0 0 2} surfaces which
dominate the morphology.
The calculated surface energies using the attachment energy

approach are provided in Table 1 for the α- and β-forms with their
dispersive (γdispersive) and polar (γcoulombic) components and also surface
area weighted ones.
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3.1.1. α-form
The calculated particle surface energies indicate that the total sur-

face energy of the α-form morphology was calculated to be 221.91 mJ

m− 2, lower than that calculated for the total particle surface energy of
β-form, which was 458.02 mJ m− 2 both highlighted in red in Table 1.
The {1 1 1} surface of the α polymorph was found to contribute 85.6 %

Fig. 2. a) SEM images of the prismatic α-form crystals as obtained from fast cooling crystallisation experiments b) SEM images of the needle-like β-form crystals as
obtained from slow cooling experiments c) morphological model of the α-form highlighting the important [4] and the {1 1 1} surfaces, d) morphological model of the
β-form dominated by the slow growing {0 0 2} surface.

Table 1
Surface energy calculation for the α- and β-forms of L-glutamic acid, highlighting the dispersive and coulombic components of the surface energy
and the overall particle surface energy with dispersive and coulombic components.
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of the total particle surface energy and the remaining 14.4 % by the {0
0 2} surface. The total coulombic contribution to the overall α-form
particle surface energy was calculated to be 95.00 mJ m− 2, 42.8 % of the
total particle surface energy and the dispersive component was found to
have a higher contribution, 126.91 mJ m− 2, 57.2 % of the total particle
surface energy.
The calculated surface energy was further supported by a qualitative

analysis of the surface chemistry for the α-form LGA. Fig. 3 a) and b)
presents the surface chemistry of the {1 1 1} and {0 0 2} forms of the α
polymorph respectively. This analysis highlights that due to the small,
highly charged nature of the glutamic acid molecule there are only
subtle differences in the observed surface chemistry at the different
surfaces. Almost all conformational rotations of the LGA molecule yield
a surface with either a combination of ammonium, carboxylate or acid
functionalities present at the surface. In the α polymorph, the {1 1 1}
surface has alternating combinations of ammonium and acid function-
alities present; together with carboxylate functionalities which are
twisted away from the surface normal. The {0 0 2} surface has
carboxylate and acid groups available at the surface however the
ammonium groups are not exposed on the surface topography (Fig. 3
b)), hence inaccessible. This seems to correlate with the calculated
surface energy in Table 1, where for the α polymorph, there is little
variation between the relative contribution of the coulombic and
dispersive components at the two surfaces, and also that the surface
energy of the two forms are reasonably isotropic; γTotal = 219.12 and
240.10 mJ m− 2 for the {1 1 1} and {0 0 2} respectively.

3.1.2. β-form
A consequence of the thin needle-like morphology of the β poly-

morph is that the {0 0 2} surface contribution of 91.8 % dominates the
total particle surface energy, whereas the {1 1 1} and {0 1 1} surfaces
contribute only 1.0 % and 7.2 % respectively. This resulted in the high
coulombic component of the {0 0 2} surface energy dominating the

overall particle surface energy and hence the coulombic contribution in
the β polymorph is 234.77 mJ m− 2, 51.1 % of the total particle surface
energy and the dispersive component contributed 223.36 mJ m− 2, 48.9
% of the overall total particle surface energy, as highlighted in Table 1.
The overall conclusions drawn from this analysis are firstly that the
calculated particle surface energy of α-form LGA was lower than that of
the β-form, and secondly that the overall particle surface energy of the
α-form was found to be dominated by the dispersive component whereas
the coulombic component in the β-form was found to make slightly
larger contribution to the overall particle surface energy.
Fig. 4 a), b) and c) highlights the surface chemistry of the {0 0 2}, {1

1 1} and {0 1 1} faces of the β polymorph respectively. The {0 0 2}
surface was found to have a high plane rugosity, providing low energy
binding sites for solvent water [50], and contain acid groups protruding
from the surface, additionally the carboxylate and ammonium groups
are located within the surface valleys and these are highlighted in
Fig. 4a). This correlates well with the calculated γTotal of the {0 0 2}
plane of 490.10 mJ m− 2, relative to the other β-form surfaces. In com-
parison the {1 1 1} and {0 1 1} surfaces have no acid or charged groups
which are directly perpendicular to the surface and this correlates well
with the lower calculated γTotal of 218.69 and 272.31 mJ m− 2

respectively.

3.2. Experimentally determined surface energies

Table 2 and Fig. 5(a) summarise the surface energy data obtained

Fig. 3. The surface chemistry of the α-form LGA: a) the {1 1 1} surface and b)
the {0 0 2} surface, highlighting the alternating ammonium and carboxylate
groups exposed on the {1 1 1} surface and in contrast the ammonium group
unexposed on the {0 0 2} surface (hence inaccessible) with the carboxylate and
carboxylic acid groups exposed on this surface.

Fig. 4. The surface chemistry of the β-form LGA: a) the {0 0 2} surface where
the carboxylate and ammonium groups are highlighted within the surface
valleys, b) the {1 1 1} surface and c) the {0 1 1} surface.
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from the capillary rise experiments, where the total surface energy was
calculated to be 29.20 mJ m− 2 for the α polymorph and 36.20 mJ m− 2

for the β polymorph. The interaction of the water solvent probe with the
powdered samples of α- and β-forms revealed that the polar surface
energy of the β-form to be 19.40 mJ m− 2, higher than that of the α-form
which was calculated to be 14.10 mJ m− 2. The interaction of the diio-
domethane solvent with the powdered samples allowed calculation of
the dispersive surface energy component which was found to be 15.10
mJ m− 2 for the α polymorph and 16.90 mJ m− 2 for the β polymorph.
The trends in the surface energy data calculated using the capillary

rise technique correlate well with the modelled surface energy using the
particle surface area corrected method. The β polymorph was predicted
to have the higher total surface energy and the experimental data agrees
well in this regard, with good separation in total energy values calcu-
lated between the two powders. Additionally, the modelling data pre-
dicted that the surface energy of the α polymorph to have a higher

contribution of the dispersive component relative to the polar compo-
nent and the experimental data set also shows this trend. Moreover, the β
polymorph was predicted to have a higher contribution from the polar
component relative to the dispersive component to its total surface en-
ergy, and this was also found in the experimental data set.
The surface energy analysis of the bulk powders of both forms as

measured using the IGC method is shown in Table 2 and Fig. 5(b). The
data indicates that the total surface energy of the β-form to be higher
than that of the α form; 48.24 mJ m− 2 for β-form and 43.11 mJ m− 2 for
α-form. This finding is in agreement with the calculated values of surface
energy of LGA where the β-form was found to have a higher total surface
energy.

3.3. Comparison between prediction and experimental data

It is noteworthy that the values of the experimentally determined
total surface energies are lower than that predicted based upon the
attachment energy data detailed in Table 1. In general, these differences
reflect the same trend as those found in studies of D-mannitol [46,47].
The discrepancy is likely due to a number of factors, most notably the
fundamental differences between the basis for the experimental deter-
mination and theoretical calculation. One key difference is that the
theoretical model predicts the surface energy of the crystal habit planes
terminated within a vacuum environment, i.e. without solvent binding.
This is in contrast with the experimental data which has been carried out
under positive gaseous pressure using the IGC method or within a so-
lution environment using the Washburn capillary rise method. A further
issue is that the experimental surface energy measurements may not
achieve sufficient surface coverage in order to visit and take into account
all the lowest surface-energy sites [48]. The crystal habit faces used for
surface energy calculations also assume the modelled surface to be a
perfectly cleavage of the bulk crystallographic structure i.e. atomically
smooth and with no step/kink sties, no surface contamination by the
inclusion of impurities, and a perfect surface structure i.e. without any
defects such as dislocations.
More specifically, with respect to the current study, the modelling on

LGA reflects theoretical calculations for an organic material with a
zwitterionic and hence very polar bulk and surface chemistry for both
polymorphs. Previous work by Turner et al. [50], summarised in
Table 3, reveals the extrinsic surface terminated synthons for the several
crystal habit surfaces involve zwitterionic interactions between the
polar NH+ and COOH− groups. Thermodynamically it would be quite
unlikely that such ‘dangling synthons’ would be structurally stable
without some degrees of adsorption such as solvation and/or structural
re-organisation to minimise surface energy. In the former case solvent
binding studies on the LGA crystal habit surfaces have revealed very
strong interactions with solvation water molecules, particularly with
those facets involving surface-terminated zwitterionic interactions.
Clearly, further work is needed to gain a better understanding of the
surface termination effects for such polar systems. Recent studies on the
markedly less polar alpha lactose monohydrate system [49] where
dispersive interactions are much stronger reveal a much closer corre-
spondence between predicted and measured surface energies.
For future studies, manually introducing heteromolecular contami-

nations and/or imperfections to the habit faces when predicting the
surface energies may prove to be more realistic in order to mimic the
real conditions under IGC or WCR measurement conditions, hence
leading to more comparable surface energies between those predicted
and measured.

4. Conclusions

A methodology together with an underpinning integrated experi-
mental and computational workflow has been presented for the pre-
diction and validation of crystal surface energy on a face-specific basis
and, through this, on a particulate basis. The approach fuses particle

Table 2
The measured total surface energy of the α and β polymorphs of L-glutamic acid
and the deconvolution into dispersive and polar components through contact
angle measurements using Washburn Capillary Rise method and inverse gas
chromatography measurements.

Surface Energy Washburn Capillary
Rise

Inverse Gas
Chromatography

α-LGA β-LGA α-LGA β-LGA

Total Surface Energy (mJ m− 2) 29.20 36.20 43.11 48.24
Dispersive Component (mJ m− 2) 15.10 16.90 41.62 43.25
Polar Component (mJ m− 2) 14.10 19.40 1.48 4.99

Fig. 5. Experimentally determined surface energy for the alpha (blue) and beta
(red) polymorphic forms of LGA: a) by Washburn capillary rise, with the total
surface energy being de-convoluted into dispersive and polar components; b) by
inverse gas chromatography, with the total surface energy being further
distributed into dispersive, polar, acid and base components. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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surface energies are calculated through the summation of the contri-
butions from individual surfaces of facetted crystal through their
respective weighting by their fractional surface areas. The approach
quantifies the anisotropy of crystal surface properties including their
dispersive and coulombic contributions. The workflow provides useful
insight as to how the surface chemistry of individual habit faces impact
upon surface behaviour during ingredient preparation, formulation
processing and, ultimately, product performance. Through this, it pro-
vides a valuable resource for the powder-based digital design of
formulated products.
Calculating the surface energies of facetted organic crystals on a face-

specific and whole particle basis for the two polymorphic forms of LGA
has been shown to provide a rank order prediction of surface energy
together with its dispersive to coulombic contributions relative to the
established experimental methods of IGC and WCR. The calculated
values of surface energies match the same overall trend as those found
from experimental studies albeit with higher values with respect to the
experimental values, which are consistent with the previous literature
findings [46]. The discrepancy between the theoretical calculations and
experimental mesaurements most likely reflects fundamental differ-
ences between the environments underpinning the experimental and
prediction conditions, such as a vacuum for prediction, under positive
pressure for IGC and solvated for WCR. Through further improvements
in the modelling methodologies, these could be addressed in future
work.
The approach and its integrated workflow are highly aligned with

the industry drivers around obtaining better control of the API:DP
interface needed for industrial digital transformation towards
simulation-based digital design. This could have utility for the early
stages of the drug product development cycle mindful that the approach
only requires crystal structural information which can be readily
available from small quantities of material or potentially predicted. This
would be in contrast to experimentally-based empirical modelling that
can require grams to kg amounts of material. The modelling-based
workflow also has benefits, in that it provides improved granularity
through the provision of the face-specific particulate properties impor-
tant in digital product design. The method is also quite rapid compared
to e.g., IGC methods where covering a range of dispersive and polar
probe molecules can take a number of days. A further advantage reflects
the ability of the modelling approach to examine a wide range of probe
molecules, particularly e.g. polar probes that might not be suitable e.g.
for volatilisation for IGC analysis or those which can be corrosive.
Overall, the surface energies calculated when compared to other poly-
morphic forms or morphologies of an API could be used to provide in-
sights into the fundamental aspects of formulation design as well as
down-stream processability and performance in the drug product.
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