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N anoindentation is a technique for measuring the elastic modulus
and hardness of small amounts of materials. This method, which has
been used extensively for characterizing metallic and inorganic solids,
is now being applied to organic and metal-organic crystals, and has
also become relevant to the subject of crystal engineering, which is
concerned with the design of molecular solids with desired properties
and functions. Through nanoindentation it is possible to correlate
molecular-level properties such as crystal packing, interaction char-

acteristics, and the inherent anisotropy with micro/macroscopic events
such as desolvation, domain coexistence, layer migration, poly-
morphism, and solid-state reactivity. Recent developments and
exciting opportunities in this area are highlighted in this Minireview.

1. Introduction

The mechanical behavior of molecular solids differs from
extended solids because they are stabilized by weak inter-
actions—hydrogen bonds and van der Waals interactions—
and also because of their characteristic structural anisotropy.
Despite the influence that mechanical properties have on
industrial-scale production and handling, their evaluation in
organic materials is not common.!"! Nanoindentation!® has
recently emerged as an effective tool with which the
mechanical properties of molecular crystals can be examined
and assessed. The purpose of this Minireview is to highlight
the utility of this technique to crystal engineering—the
designed synthesis of functional molecular solids.*

The mechanical behavior of a crystalline solid depends
not only on the type of bonds present and the internal
structure, but also on any lattice defects that may be present.
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In particular, the types and distribution
of defects exert a significant influence
on the plastic deformation and fracture
characteristics of crystals and crystal
aggregates. Williams and Thomas, in
1967, examined the effects of lattice
imperfections on the mechanical be-
havior of crystalline anthracene and sucrose.”® Later,
Hawthorne and Sherwood examined the role played by
defects in the self-diffusion and plastic deformation of pivalic
acid, hexamethylethane, and cyclohexane.” Kitaigorodskii
pioneered the correlation of elastic tensors with crystal
structure,® while Brown and Hollingsworth examined
stress-induced domain reorientation in urea inclusion com-
pounds.””’ As a consequence of the low symmetry of molecular
crystals, their mechanical responses can be quite anisotropic,
and this makes nanoindentation measurements difficult and
their interpretation more complex compared to similar
studies on inorganic crystals. The elastic constants of different
faces of crystals are generally estimated through in silico
modeling studies. The elastic modulus and thermal expansion,
being tensorial properties, provide a basis against which one
can evaluate and optimize models in terms of derivatives of
the calculated energy, rather than single-point calculations.

The hardness H is the resistance offered by the indented
material to plastic deformation. Qualitative approaches such
as bending and shearing have been utilized to assess the
plastic deformation and fracture behavior of single crystals.
Crystal anisotropy leads to distinct variations of the plastic
deformation within the same structural class. Therefore,
deformation processes in molecular materials cannot be
described in simple terms: each material has to be assessed
independently, and predictions based on broad generaliza-
tions are unlikely to be successful.
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As a result of these lacunae and the lack of a proper
instrumentation technique, the field was largely ignored for
many years. The advent of nanoindentation made it possible
to obtain quantitative and precise experimental information
on the mechanical behavior of small-volume materials.'>!! In
the context of crystal engineering, mechanical characteriza-
tion provides a way to monitor the relative strengths of
intermolecular interactions. Since interactions with distinct
energy profiles will lead to different elasticity moduli, studies
on mechanical properties provide direct inferences on the
nature of the interactions themselves. This, in turn, enables
one to alter structural parameters, such as types and strengths
of interactions and packing events, by modifying the molec-
ular units or by adopting cocrystallization strategies.

1.1. Why Are the Mechanical Properties of Molecular Crystals
Important?

Before discussing the mechanical behavior of organic
crystals, the motivation for such studies needs to be high-
lighted. Although organic materials are generally not intend-
ed for any load-bearing applications, many processing events
in industry involve mechanical operations. Therefore, under-
standing the mechanical performance of molecular crystals in
the context of crystal packing, slip, and defects is not only of
scientific significance but also of practical importance. This is
especially true for pharmaceuticals,’>"! because they are
often brittle. Fragmentation facilitates consolidation, but
compacts containing brittle materials may cap or laminate
easily, thereby leading to serious problems in subsequent
processing steps. The tableting property of any given crystal-
line powder is to a large extent a function of the ability of the
crystal to undergo plastic deformation. Plasticity results in an
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increase in the interparticulate contact area and this in turn
promotes binding. In contrast, brittle crystals that do not flow
but fracture readily may produce cracks within the tablet
upon decompression. Below are some examples of the
important role played by the mechanical properties in organic
materials:

e Soft crystals such as voriconazole become pastelike upon
grinding, which make them difficult to mill.'® Hard
crystals such as sildenafil citrate are easier to handle
(Table 1).07

e 4-Hydroxybenzoic acid anhydrate and monohydrate ex-
hibit distinct compaction properties. The water that is
present in the monohydrate facilitates plastic deformation;
it makes tablets with better strength and with a larger
volume reduction than the anhydrate. The zigzag molec-
ular layers in both forms allow for mechanical interlocking
and this reduces the plasticity. However, water molecules
present in the monohydrate assume a space-filling role and
increase the layer separation, thus facilitating slip between
layers.['®!

e The identification of polymorphs with better tableting
properties (for example, crystal forms with easy to activate
slip systems such as polymorph I of the antibacterial agent
sulfamerazine) can make subsequent processing events
economically viable.!'”)

e The two forms of chlorpromazine hydrochloride have
different affinities towards water. Tablets of polymorph II
take up water easily and convert into the dihydrate during
storage, and consequently develop cracks. Tablets of
polymorph I, being inert to water/moisture, do not crack
under similar conditions.*!

e Stress-induced phase transformations are highly undesir-
able for pharmaceutical ingredients during milling or
tableting because such transformations can have serious
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implications on the drug’s stability and efficacy. Sucrose
and y-indomethacin undergo solid-state amorphism during
milling.”!! Mechanical milling of sulfathiazole induces
a partial transformation from form III to form I.%>%!

o With crystals of energetic (explosive) compounds, such as
RDX and HMX, determination of the deformation and
cracking responses of crystals under various types of
mechanical loading is essential for identifying conditions
that can potentially lead to chemical decomposition and
explosion.*!

e The poor ability of caffeine and methyl gallate to
individually form tablets, is in contrast to the excellent
ability of the 1:1 cocrystal with a layered structure.!

2. Basic Principles and Definitions
2.1. Elastic and Plastic Deformation

When a solid is stressed it undergoes elastic deformation
followed by plasticity unless fracture intervenes. The elastic
modulus of a material (E) is a measure of the resistance to
elastic deformation so that the solid returns to its original
shape once the applied stress is removed. E is a function of the
energy of interactions between molecules and their distances
of separation. Figure 1a shows a typical Lennard-Jones
potential energy curve. If an applied stress displaces mole-
cules in a crystal from their equilibrium positions, intermo-
lecular forces tend to restore them on removal of the applied
stress (Figure 2). The restoring force is proportional to the
gradient of this energy-separation curve. At equilibrium
spacing, E is approximately proportional to the slope of the
force versus intermolecular separation curve (Figure 1b).
Thus, materials can be classified either as stiff or flexible
depending on the slope of the curve at the equilibrium
separation distance (r=r,): steep for stiff materials and
shallow for flexible materials. As the strength of the bond
decreases, the energy minima will become flatter. E is
determined from the second derivative of the force-distance
curve at the energy minimum. This quantity is high for
inorganic materials, moderate for metal-organic hybrids, and
low for molecular crystals: this follows directly from the
different types of interactions involved.

In contrast to elastic deformation, plasticity in crystals is
generally achieved through irreversible glide (or slip), twin-
ning, and kinking motions of molecular layers (Figure 2). Slip
occurs along specific crystallographic planes, which are often
referred to as slip planes. A slip system consists of a given slip
plane (hkl) together with the associated slip direction
< W'K'l' >. The attachment energy data, cleavage planes, and
hydrogen-bond patterns provide inferences on possible slip
planes. The attachment energy is the energy released per mole
when a new layer is added to each face. The face with the least
attachment energy represents the slowest growing face (the
major habit face of the crystal) and generally coincides with
the primary slip plane of the crystal.’®! Hydrogen-bonding
patterns can have a major influence in directing molecular
slip. The slip in layered compounds (such as adipic acid) takes
place between networks of hydrogen bonds, while in com-

Angew. Chem. Int. Ed. 2013, 52, 2701 —2712

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

a)

o

[

N

=

8
> (7]
3
[
g r
50 »
=
£ o

[
o g Weak interaction

=

8

(/]

Strong interaction
!
b)
A
Strong interaction
High modulus

o //\
e o0 >
2 (dFidr)atr=r. F

Weak interaction
Low modulus

A 4

Figure 1. a) Potential energy curves for a strong and a weak inter-
action. b) Force—distance curve depicting the relation between inter-
actions and E.
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Figure 2. Plastic and elastic deformation in crystalline materials.

pounds with an intricate network of interactions (such as
sucrose) slip involves a breaking of the weakest hydrogen
bonds (Figure 3).*”) In molecular crystals, short-range non-
directional interactions (such as van der Waals interactions)
are likely to influence the inelastic response (plasticity) as
they will have a large bearing on how bonds break, whereas
directional interactions (such as hydrogen bonds), being
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Figure 3. Primary slip planes in a) adipic acid and b) sucrose.

effective at long separations, influence elasticity because of
their restorative character.

2.1. Fracture

Fracture is the stress-induced separation of an object into
two or more pieces. Fracture in materials can be broadly
classified as ductile or brittle. In ductile fracture, extensive
plastic deformation occurs prior to fracture. Conversely,
brittle fracture is preceded by little or no plastic deformation
(Figure 4). Thus, most brittle crystals break when the
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Figure 4. Schematic stress—strain curves for brittle and ductile materi-
als.

deformation is well within the elastic region and prior to
plastic deformation. Fracture toughness K¢ is a quantitative
measure of the resistance of a material to cracking. A material
is considered brittle if it has a low fracture toughness. For
example, window glass and ceramics fall into this category.
Understanding the fracture behavior of crystals is important
when developing optimal strategies for process development
and formulation.

In molecular crystals, fracture takes place either through
cleavage at certain crystallographic planes (brittle crystals) or
when the shear stress reaches a level where dislocation pile-up
attains a critical density (ductile or plastic crystals). The
standard test for estimating the fracture resistance of
a material is to conduct a tensile test on precracked speci-
mens, but this is generally inapplicable for organic crystals as
it requires relatively large specimens, which is not always
possible. The indentation technique, because of the simplicity
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and expediency of the experiments, is an attractive alternative
for assessing fracture toughness. Moreover, it is possible to
characterize both the local and bulk fracture properties of
materials with this technique. When molecular crystals are
indented by using a sharp-tipped indenter, fracture is usually
observed when the indenter axis is normal to the slip plane.
The fracture toughness of the indentation is estimated on the
basis of the length of the cracks.

The brittleness index of a material (H/K¢; Table 1) gives
a relative measure of the resistance to fracture. An excellent

Table 1: Fracture toughness and brittleness parameters of various
crystalline materials.

Material Fracture toughness Brittleness index Nature of
(KiQ) [MPam'?] (Bl) 10° m™'/3 material
adipic acid  0.02 6.3 brittleP?!
aspirin 0.004 49.0 brittlel®!
paracetamol 0.05 8.3 brittle?!
saccharin 0.02 3.0 brittleP®
sildenafil 0.05 27.8 brittlel®!
citrate
sucrose 0.08 8.3 brittlel!
voriconazole not measurable <1 soft!
ice 0.12 2.8 brittleP?!
NacCl 0.50 0.4 brittlel”
iron 50 0.1 ductilel?

correlation between H/K; . and milling data suggests that this
index can be used to distinguish between materials that are
easy, moderate, and difficult to mill.?®! This in turn, allows for
the selection of appropriate milling conditions with a mini-
mum amount of material.

3. Mechanical Properties of Molecular Crystals
3.1. Qualitative Studies

Molecular crystals with unusual and deformed morphol-
ogies have been known to crystallographers over the years,
and several qualitative studies on the mechanism of defor-
mation in molecular crystals have been attempted. Desiraju
and co-workers established a causative correlation between
bending and the crystal structure in 60 or so specimens with 4
and 8 A axes. Both of these structure types are layered
(parallel and antiparallel stacking of planar molecules) and
have pronounced interaction anisotropy. A model for bending
was proposed using the information obtained from X-ray
diffraction (XRD), face indexing, and mechanical property
measurements conducted with a needle and forceps (Fig-
ure 5).2% Accordingly, molecular crystals were classified as
being of bending, shearing, and brittle types. The first two
types are observed when the packing is anisotropic so that
strong and weak interaction patterns occur in nearly perpen-
dicular directions.®! The interactions in such molecular
crystals, is neither uniform nor similar in various directions,
and thus mechanical deformation in an arbitrary manner is
not possible. In contrast, there are crystals such as naphtha-
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Figure 5. A model for bending in molecular crystals. a) Undeformed
crystal. b) Bent crystal.?” Note the relative movement of the disk
highlighted in red and the marked deformation in the interfacial
angles. c) Plastic bending in pyrazine-2-carboxamide (o form).B% Note
the variation in the interfacial angles of the crystal. Reproduced with
permission from Royal Society of Chemistry.

lene, benzoic acid, and p-glucose where the nature of the
intermolecular interactions is nearly the same in many
directions, or the materials are highly cross-linked through
interactions such as hydrogen bonds. Such crystals break
rather than bend when subjected to mechanical stress.*”
However, metals, which are isotropic (in terms of their
bonding characteristics) and are not cross-linked, typically
display excellent ductility.”? Molecular crystals show practi-
cally no change in volume and the lengths of the inner and the
outer arcs as well as the sample thickness are unchanged when
bent permanently. Constancy in volume and the arc lengths of
the crystal are maintained by an adjustment of the interfacial
angles at the crystal ends (Figure 5c).

3.2. Quantitative Studies

Quantitative characterization of the mechanical proper-
ties of molecular crystals (or compacted powders) has been
performed by using three- or four-point bending (single edged
notched beam test), double torsion, and radial-edge cracked
configurations. More recently, instrumental indentation
methods have gained popularity. In this approach, the load
applied P and the corresponding depth of penetration of the
indenter & are continuously monitored. The resulting Pk
curves are analyzed to obtain H and E of the indented
material.®® When P and /4 are in the mN and um ranges, the
technique is termed microindentation, and when they are in
the uN and nm ranges, it is referred to as nanoindentation.

Microindentation has been employed to assess the
mechanical behavior of molecular crystals.*" Duncan-Hewitt
and Weatherly studied the H, H/E ratio, and indentation
fracture toughness of crystals of pharmaceutically relevant
compounds, and classified them into materials which frag-
ment extensively and those that behave in an essentially
ductile manner during compaction.’>*! The brittleness of
acetaminophen crystals, inferred from microindentation, was
attributed to the limited slip systems in them.*” Grant and co-
workers utilized indentation to study the effect of counterions
on the mechanical properties of L-lysine salts and also to
correlate the chain lengths and mechanical properties in
a homologous series of benzoate esters.***%
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Despite the aforementioned insights gained through
microindentation, this method is not commonly used for
molecular crystals because it often leads to fracture. Further-
more, the microindentation fracture mechanics approach for
the assessment of K, is semiempirical.!! Another limitation
of microindentation is that specially grown large crystals are
often required to accommodate indentation even at minimum
loads. In addition, the preparation time is problematic and the
defect densities in such crystals may not reflect those in bulk
manufactured crystals; thus they may have different mechan-
ical properties.***! Extremely small loads are, therefore,
mandatory for measuring the elastic properties of molecular
crystals because they either fracture readily or are very soft.
Nanoindentation is, therefore, better suited to study such
crystals.[*!

During a typical nanoindentation by a spherical tip on
a molecular crystal, an elastic-to-plastic transition*>*! is
usually observed as a displacement burst or pop-in on the P-h
curve. Note that even nominally sharp tips such as Vickers,
Berkovich, or cube-corner types tend to have a finite radius
(of the order of a few tens of nm for a fresh tip to 100-200 nm
for a tip that has been used extensively).*”) In a load-
controlled test, the pop-in event is a result of the sudden
penetration of the indenter tip at a constant load. Pop-ins are
rarely observed in crystalline metals because of the avail-
ability of a large number of slip systems and because of the
general presence of dislocations. When they do appear (for
example, in well-annealed single crystals) they are attributed
to homogeneous or heterogeneous nucleation of dislocation
loops under the indenter tip.[*¥l Plasticity tends to be hetero-
geneous in low-symmetry molecular crystals, because of the
fewer number of slip systems, thus making occurrences of
pop-ins more common. In this case, indentation can also cause
the nucleation of dislocations, thereby resulting in serrated
P-h curves (Figure 6).13

Ramos and Bahr examined the elastic and plastic proper-
ties of sucrose and RDX as representative examples of brittle
crystals and found that the H value of sucrose crystals is
relatively independent of the contact orientation.”% How-
ever, their focus was on obtaining H and FE values, and
correlating them to the underlying structure of the crystals
was not attempted. The nanoindentation technique was used
by us in several studies, where we have taken the initial steps
towards correlating the mechanical properties of molecular
crystals with crystal packing. Aspects such as interaction
anisotropy, desolvation, long-range molecular/layer migra-
tion, and polymorphism were examined. Some general
examples selected from our research are detailed in the next
section.

3.2.1. Anisotropic Properties

An organic crystal is a periodic array of molecules held
together by interactions that are much weaker than intra-
molecular covalent bonds, and with a trade-off between
attractions and repulsions.”*>*! Molecules are arranged opti-
mally such that there is the most efficient utilization of space
to attain close packing.™! In three-dimensionally close-packed
structures the intermolecular interactions in the three princi-
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Figure 6. Schematic representation of a) the possible mechanism of
pop-in and pile-up in molecular crystals. b) Indenting along the slip
direction yields a smooth P-h curve.

pal directions are often equivalent, thereby making such
crystals brittle.* Saccharin (free acid) is a typical example.
The observed mechanical behavior upon nanoindentation
was analyzed in terms of the crystal packing and nature of the
relevant intermolecular interactions.’® The use of saccharin
as an acid co-former in the pharmaceutical industry makes the
study relevant.’”*¥ Crystals of saccharin have major faces of
(100) and (011). The molecules make centrosymmetric
NH--O dimers, which stack down [100] and make an oblique
angle to (100). Within a stack, the molecules are stabilized
through van der Waals (sw--m) interactions, while CH--O
hydrogen bonds bind adjacent stacks. The molecular stacks
are arranged as bilayers with a dimension of 0.9 nm with
respect to (100); only weak interactions persist between
bilayers (Figure 7a). In (011), stacked dimers make a criss-
cross arrangement and CH---O hydrogen bonds exist normal
to the plane. Thus, there is a significant overlap between
interactions along both directions, although the vector of two
adjacent dimers is effectively the indentation direction on
(011).

The measured P-h responses suggest a major difference in
the possible mechanism of plastic deformation for (100) and
(011). The loading part of the P—h curve obtained on (011) is
smooth, while several distinct displacement bursts (pop-ins)
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Figure 7. Saccharin. a) Active slip planes. The blue triangle represents
the indentation direction. b) Representation of the slip system. c) Rep-
resentative P-h curves. d) Anisotropic pile-up on (100).

are observed in the P-h curve corresponding to (100)
(Figure 7c¢). Indenting (100), results in the stacked columns
becoming compressed through weak mt---; interactions. The
nondirectional nature of the interactions allows the layers to
rearrange themselves so as to release some of the stored
elastic strain energy. The extended compression disrupts the
CH--O hydrogen bonds, thus forcing the columns to break
away.

The structural information taken together with the
calculated attachment energies indicates a possible slip
system that is energetically favorable. The attachment energy
and interplanar dspacing for (100) and (011) are
—15.9kImol !, 9.2 A and —27.8 kImol *, 5.9 A, respectively.
Thus, the expected slip system in the saccharin crystal is
(100)[011] (Figure 7b). The breaking of the molecular stack
results in a sudden penetration of the indenter deeper into the
sample; this is reflected by a pop-in. The discrete displace-
ments associated with the pop-ins are multiples of 18 nm; this
is an integral multiple of 0.9 nm, the distance between the
bilayers. This observation corroborates the proposed mech-
anism.

For [011], the indentation is along the vector of adjacent
dimers. The stacked dimers run down this face and hence
provide multiple gliding paths for unhindered movement of
the layers, thereby making the plastic deformation homoge-
neous in nature. The criss-crossing of saccharin dimers results
in an overlapping of interactions with different energies and
directionality. This reduces the anisotropy of E with respect to
the different crystallographic orientations. The close-packed
structure together with the marginal anisotropy of E is the
reason for the brittleness of saccharin crystals. As a conse-
quence of the pyramidal geometry of the indenter tip, the
quantity and shape of the profiles of the material pile-up
strongly depend on the crystallographic orientation, thus
providing information on the anisotropy within a single face.

Angew. Chem. Int. Ed. 2013, 52, 2701 -2712
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3.2.2. Long-Range Molecular/Layer Migration

Although classical topochemistry envisages minimum
atomic or molecular movement within crystalline solids, %!
several phenomena such as solid-state reactivity, cocrystal
formation, and defect transport can be explained in terms of
molecular migration.®"* In 1968, Rastogi and Singh ex-
plained the solid-state reactivity of picric acid with substituted
hydrocarbons on the basis of diffusion controlled by surface
migration.[®! Tn 2005, Kaupp and Naimi-Jamal proposed long-
range molecular migrations as the reason for the nearly 100 %
yields achieved in many solid-state topochemically governed
reactions.® Kaupp used nanoindentation and scratch experi-
ments to demonstrate that three-dimensionally interlocked
packing, as seen in 2-benzylidenecyclopentanone or cis-1,2-
dibenzoylethene, prohibits molecular migration.”! Converse-
ly, long-range migration is detected in compounds such as
anthracene, ninhydrin, tetraphenylethene, thiohydantoin, and
thiourea that have cleavage planes, or in other words
anisotropic molecular packing.®! The observed molecular
movement is a function of the orientation of the layer
arrangement and the direction of the tip movement.

We have studied the layer migration in two charge-
transfer complexes of 1,2.4,5-tetracyanobenzene (TCNB)
with pyrene and phenanthrene.®! 1:1 TCNB-pyrene has
a layered arrangement with (100) and (002) constituting the
major faces of the crystals. The mean plane of the layers is
approximately parallel to (100), while they are 68° skew to
(002) (Figure 8a). The molecules within an individual layer
are stabilized through CH--N bonds; the interlayer region
(7v-+-7t) is nonspecific and, hence, will allow unhindered layer
migration. The large anisotropy in the interaction character-
istics and layer arrangement results in a significant difference
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Figure 8. TCNB—-pyrene complex. a) Crystal packing. b) Residual indent
impression on (002). c) AFM scan image showing layer migration
upon nanoscratching. Image scan size: 25 pm. d) Schematic represen-
tation of the indenter movement and layer arrangement. Reproduced
with permission from Wiley-VCH.
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of H (16%) and E (21 %). Indenting on (002) results in the
molecular layers and the half angle of the indenter tip
becoming closely aligned, which enables the layers to slide
over the edge of the indenter tip. The molecules in other
orientations get compressed because of the slant arrangement
of the layers; this appears as material pile-up along one of the
indenter faces (Figure 8b).

As the structure is layered, the intra- and interlayer
interactions are quite distinct and, therefore, the crystal can
be cleaved along the layers. Scratch experiments on (002)
together with the scratch profile analyses and the measured
coefficients of friction reveal distinct molecular migration
events in various orientations (Figure 8d). Scratching along
the skew direction of the layers results in molecular migration
becoming visible on both sides as well as a small material pile-
up at the end of the scratch. However, in the opposite
direction, the tip traverses against the skew direction and so
experiences larger friction which results in a significant pile-
up of material on both sides as well as at the end of the
scratch. In the orthogonal directions, the tip moves along the
cleavage plane; the skew nature of the layers results in
material pile-up either on the right-hand side or left-hand
side, depending on the direction of the tip movement
(Figure 8c).

Unlike the TCNB-pyrene complex, the 1:1 TCNB-
phenanthrene complex does not have a layer arrangement;
instead, trimer units consisting of a TCNB and two phenan-
threne molecules result in a staggered arrangement. The
crystals consist of two major faces: (001) and (020). The
trimers stack down [001], with CH--N hydrogen bonds
connecting adjacent stacks. The molecular stacks are approx-
imately parallel to (001) and perpendicular to (020). As
a consequence of this staggered arrangement, the CH-N
hydrogen bonds are inclined at an angle to the molecular
layer, and together with the m--7 interactions contribute to
the stabilization of the stack (Figure 9a). Nanoscratch experi-
ments yield entirely different results because of the difference
in the molecular arrangement, the orientation of the molec-
ular stacks, and the nature of the interactions in the
intermolecular region.

When scratched along the cleavage plane, AFM scan
images provide evidence of a limited layer movement. As
a consequence of the presence of hydrogen bonds in the
interlayer region, the indenter tip experiences a higher
friction coefficient than does the pyrene complex, even in
the cleavage direction. The tip traverses the cleavage plane in
the orthogonal directions (Figure 9b). As a result of the
vertical layer arrangement, the tip experiences friction and
material pile-up at the end of the scratch (Figure 9c). The
friction coefficient observed in the orthogonal directions
demonstrates several uneven events; the distance between
two consecutive troughs (210, 260 and 340 nm) are closely
related to multiples of d(yy, (6.517 A, Figure 9d). The study
illustrates that molecular features such as layer movement
and interaction characteristics as well as the anisotropy in
them can be examined in detail through nanoscratch experi-
ments.
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Figure 9. TCNB—phenanthrene complex. a) Crystal packing. b) Schematic representation of the indenter movement and layer arrangement.
c) AFM image showing layer resistance towards indenter movement. Image scan size: 25 pm. d) The coefficient of friction at 0° and 90°. The
inset shows the analysis of the distance between the two consecutive troughs, where the friction coefficient falls sharply. Reproduced with

permission from Wiley-VCH.

3.2.3. Polymorphism, Phase Stability, Crystal Homogeneity

Polymorphism in molecular crystals is a well-studied
phenomenon.[ Its practical importance arises from the fact
that different crystalline phases of the same compound can
exhibit distinct properties.”"’” This has particular implica-
tions in the pharmaceutical industry where polymorphism
must be rigorously monitored at all stages of the production
process because of chemical, regulatory, and legal issues.
Since polymorphs usually have different molecular arrange-
ments, conformations, and interactions, they can vary in their
mechanical properties, which affect their ability to form
tablets.'” Thus, quantitative mechanical evaluation of
polymorphs is of fundamental and practical importance.

In addition to its chemical and pharmaceutical impor-
tance, aspirin is important in crystal engineering because of its
fascinating structural chemistry. Although the possible occur-
rence of aspirin polymorphs has been debated since the
1960s, the topic remained dormant for many years. The
prediction of a new form by Ouvrard and Price!”™ in 2004
resulted in renewed interest in the polymorphism of aspirin.
Vishweshwar et al. reported single-crystal XRD data which
indicates the existence of the second form in some samples.[”®!
Bond et al. analyzed the Bragg reflections and explained that
such aspirin crystals exist as intergrowths containing domains
of the two structure types.””™® This was further corroborated
by crystallographic investigations based on diffuse X-ray
scattering.””) We employed nanoindentation to examine the
mechanical properties of the two aspirin polymorphs with
regard to the differences in their macroscopic properties and
to rationalize this on the basis of interactions.™

Polymorph I of aspirin exists as well-formed crystals, with
(100) and (001) as major faces. The crystals of polymorph II
are small; (100) and (102) constitute the major faces. In both I
and II, the carboxy groups form centrosymmetric OH:-O
dimers and the dimers are arranged as two-dimensional layers
parallel to (100). Although the structures of the two
polymorphs are closely related, a clear difference exists in
the intermolecular interactions across the expected slip
planes, specifically in the positions of the symmetry elements
relative to molecules involved in significantly stabilizing
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interactions (Figure 10a,b). Two distinct stabilizing CH--O
interactions exist in I: 1) contacts between the aromatic ring
and the acetyl carbonyl group; and 2) interactions between
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Figure 10. Aspirin. Crystal packing showing a representation of the slip
planes in a) polymorph | and b) polymorph Il. The gray slab represents
the molecules that are involved in stabilizing interactions across the
slip plane. c) Representative P-h curves of aspirin polymorphs. d) Op-
tical micrograph and AFM images show domain coexistence in
polymorph II crystals.

the methyl group and ester carbonyl group. In contrast, the
significant stabilizing interactions across the slip plane in II
are all of the same type, namely CH--O contacts between
acetyl substituents of molecules related by a crystallographic
2, screw axis. The structure of form I is related to that of II by
a relative shift of adjacent layers parallel to one of the
crystallographic axes (specifically '/,c).™!

Since the two forms are related along the c-axis, inden-
tation experiments were carried out on (001) of I and the
structurally equivalent (102) of II. {001} of I was found to be
stiffer and harder than {102} of II. This softer nature of II
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along the potential shearing directions provides a mechanistic
rationale for the observed solid-state II—I transformation in
aspirin. Although such transformations take place over
months under ambient conditions, mechanical deformation
such as that occurring during grinding can accelerate the
kinetics. The crystal cracked upon indenting {100} of I;
distinct pop-ins were observed on the P-h curves, because the
applied stress is normal to the slip planes (Figure 10c¢).

The mechanical responses of the aspirin polymorphs can
be correlated with their crystal structures. Since the carbox-
ylic acid dimers in the two forms are similar, the observed
mechanical differences can be attributed to the interactions
existing in the interlayer region and the relative movement of
the layers. The existence of two types of interactions across
the slip plane with distinct potential energy profiles as well as
their unsynchronized elongation and compression makes the
relative movement of molecules in I more demanding.
However, equivalent interactions in the interlayer region in
II render the relative movement of molecules unhindered.
The observed soft nature of II can be attributed to slip, which
is akin to possible stress-induced phase transformation. The
small activation energy barrier for the II—I transformation
together with the soft nature of the crystals make it quite
difficult to obtain polymorph II of aspirin.

The intergrowth of crystalline domains is a relatively rare
phenomenon, and these crystals can be viewed as snapshots
along the pathway of the polymorph transformation pro-
cess.’!l Similar structural arrangements in polymorphs with
comparable energies could be a possible reason for the
intergrowth. In aspirin, single crystals of II contain domains
with a nanoindentation signature corresponding to I (Fig-
ure 10d). This is despite the fact that single-crystal XRD data
suggest the crystals to be structurally pure form II. The indent
impressions as well as the P—h curves support the coexistence
of crystalline domains.

Intergrown crystalline phases could be a challenge partic-
ularly in the pharmaceutical industry, wherein the phase
purity of polymorphs is essential to claim intellectual property
rights on the basis of non-infringement. Bond has recently
reported intergrowth crystal domains in felodipine and has
suggested a possible disordered layer stacking sequence in
amlodipine besylate. Thus, the phenomenon of intergrown
domains has been extended beyond aspirin.®!! Phase purity is
usually confirmed using X-ray crystallography. However, in
some cases where there is an intergrowth of crystalline
domains, such characterization can be misleading. This is
because crystal structures as determined from single-crystal
diffractometer data are only space-averaged structures. Thus,
nanoindentation, being a local probe, allows for discrimina-
tion between different forms in an intergrown sample.

3.2.4. Desolvation Processes

Numerous pharmaceuticals exist as hydrates or sol-
vates.®>% Knowledge of the hydration and dehydration
behavior of the drug and filler is essential to develop stable
pharmaceutical formulations. This is because the physico-
chemical and mechanical properties of hydrates could be
distinct from those of the anhydrates.[®* Berberine chloride
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dihydrate transforms to the tetrahydrate in a tablet formula-
tion, thereby resulting in major changes in the tablet proper-
ties such as hardness, disintegration time, and dissolution
behavior.®! In the cases of phenobarbital calcium and
calcium pyruvate isoniasone,®**! the disintegration time
and appearance of tablets of hydrates differ from those of
the anhydrates. Phase transitions arising from hydration or
dehydration are generally accompanied by changes in the
physicochemical properties, and thus understanding the
mechanisms of these events under different conditions can
be useful. Such properties are generally studied by using
kinetic equations and physical models together with thermal
analysis, powder diffraction, and mechanical analysis of
compacts. Nanoindentation provides an additional means to
study this phenomenon in small particles and single crystals.

To illustrate this, we conducted nanoindentation on
sodium saccharin dihydrate (Na(sac)-15/8H,0) which is
identical to the commercially available sweetener.’! This is
an excellent example of a hydrated system in that it has
a copious amount of structural water included in the freshly
grown crystals.”*** The compound crystallizes in a large unit
cell, with several structurally distinct units. (011) and (101)
constitute the major faces of the crystal. The structure is
unusual with “regular” and “irregular” regions separated by
a clear boundary within the unit cell (Figure 11a). The regular
region consists of sac™ ions arranged in a stack of water-
bridged hydrogen-bonded pairs parallel to the b-axis. The
stack is stabilized through an elaborate network of OH--N~
hydrogen bonds and Na*--O interactions. In the irregular
region, sac”, water, and Na* are positionally and orientation-
ally disordered and one can anticipate appreciable mobility of
the water and the other components, caused by the abundance
of the water resulting in “fluidity”.

The sac™ units stack down [011], with the water columns
diagonal to (011). Within a stack, weak st interactions exist

c) d)
(011) 21.0 PR Ve
() - /
(Y- £198 ?
00 ® = ek —o—(11)
@ g f @ —o—(100)
=3
S I
16.2 =
E .
2156
=
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Time (h)

Figure 11. Sodium saccharin dihydrate. a) Crystal packing. The green
and pink regions represent the regular and irregular packing, respec-
tively. b) Indent impression show fluidlike flow on the crystal surface.
c) Schematic representation of possible structural variations arising
from dehydration. d) Variation in the elastic modulus with time.
Reproduced with permission from the Royal Society of Chemistry.
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between sac™ molecules. The P-h curves obtained for (011)
exhibit a higher penetration depth than for (101), thus
indicating that plastic flow occurs more readily in [011].04
Although the indentation direction is normal to the slip plane,
loosely bound water acts as a hydraulic cushion for the
indentation stresses and makes the layer movement more
viable. In contrast, the stacking direction of sac™ ions is
approximately perpendicular to (101). Molecular sliding in
this direction is sustained by the weak and nondirectional
nature of the interactions within the stack. The stacking
arrangement of sac™ and the water channels together with the
intricate network of interactions lead to mechanical aniso-
tropy.

Exposing the material to the atmosphere results in the
crystals efflorescing, with possible molecular rearrangements
that result in a more compact structure (Figure 11c). The
overall increase in E is appreciable (14 %) for (011), whereas
the change is minimal (3%) for (101) (Figure 11d). After
exposure for 35h, the Hvalue of both faces becomes
comparable. With the loss of intervening water columns, the
sac” stacks come closer and make direct interactions with the
adjacent stacks; this results in an increase in the E value of
(011). In contrast, the E value of (101) is dominated by m--xt
interactions, and the structural change within a stack arising
from the water loss is minimal. Furthermore, the energies of
the m---7 interactions are far less than those of the hydrogen
bonds, and hence FE remains invariant. Since the water
columns open onto (011), indenting this face induces a fluid-
like flow (Figure 11b). This may be attributed to the outward
flow of lattice water together with dissolved sodium saccharin
resulting from the disruption of the delicate equilibrium that
is triggered by the applied stress. This study shows the
potential utility of nanoindentation in evaluating the me-
chanical properties of pharmaceutical formulations at various
stages of the dehydration process.

3.2.5. Organic—Inorganic Hybrid Materials

A plethora of hybrid framework materials with fascinat-
ing properties are now being synthesized and reported on
a regular basis”® Compared to the weak noncovalent
interactions present in organic crystals, hybrid systems often
incorporate infinite inorganic connectivity, such as metal-
oxygen-metal (M-O-M) arrays. The high mechanical perfor-
mance of these hybrid materials is important since they are
used as catalysts, in storage applications, and as sensors:
applications where durability and reliability are important,
and which are dictated by the mechanical properties. Cheet-
ham and co-workers studied the anisotropic mechanical
behavior of (Ce(C,0,) (HCO,)) and two polymorphs of
Cu, 5(H,0)(O;PCH,CO,)."**" Significantly higher E values
are reported along directions dominated by inorganic chains
or sheets, whereas lower E values are noted along directions
where the organic ligands form the primary linkages. These
and other related studies are summarized in a recent review
by Tan and Cheetham.[

In addition to instrumented nanoindentation, AFM nano-
indentation techniques are also widely applied in the studies
of crystals of biological tissues, fibrils, and pharmaceutical
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solids of sub-micrometer dimensions.””'®) However, meas-
urements using AFM are significantly influenced by surface
forces that can deform the spring cantilever prior to contact,
thus making it more of an adhesion study than indenta-
tion.1°1%2 Fyrther, uncertainties associated with the tip size
and geometry mandates additional instrumentation for the
error-free estimation of the elasto-plastic properties. In
addition to surface forces, long-range attractions such as van
der Waals and electrostatic forces can mask the onset of
contact between the AFM probe and the specimen, which
creates uncertainty in the location of the contact point and
also can give poor values, usually overestimated ones.!**1%
Thus, extreme caution has to be exercised in utilizing AFM
for nanoindentation studies.

4. Conclusion and Outlook

Crystal engineering was defined in 1989 as, “the under-
standing of intermolecular interactions in the context of
crystal packing and the utilization of such understanding in
the design of new solids with desired physical and chemical
properties”."! The subject, which originated from crystallog-
raphy and crystal chemistry, stressed structure at the micro-
scopic level, as determined by single-crystal X-ray structure
determination, and attempted to correlate such structures
with properties of interest. Establishing connections between
the structure and macroscopic properties is a classical aspect
of materials science and engineering. Nanoindentation is able
to make such a link between the structure of molecular solids
at the microscopic level with the mechanical properties, in
other words between chemistry and engineering. Thus, it has
the potential to play an important role in the further
development of crystal engineering.

This Minireview has summarized the preliminary nano-
indentation experiments that have been used by us and others
to examine the mechanical properties of molecular crystals.
There are also several stress-induced phenomena that are
largely unexplored: mechanoluminescence, mechanochrom-
ism, and triboluminescence. Recent advances in the nano-
indentation of molecular crystals are bringing about a change
in our thinking on crystal packing, interaction characteristics,
polymorphism, and topochemistry.'”! In addition to opening
up these scientific vistas, nanoindentation could also be
developed as a “quality-control tool” in the pharmaceutical
industry, in a similar way as hardness is used for the
qualification of an engineering material.
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